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EXHIBIT  A 

ENCLOSURE  TO  JPL  LETTERS  IN  RESPONSE  TO 
CRITIQUES  OF 

AUTOMOTIVE  POWER  SYSTEMS  EVALUATION  STUDY  (APSES) 
As  Reported  in  SP  43-17  ''ShoL>ld  We  Have  a New  Engine?" 


Introduction 

The  automotive  study  activities  at  JPL  have  entered  a new  phase.  Upon  completion  of  tiie  APSES  study,  the 
analysis  team  was  partially  disbanded  during  the  period  August  1975  to  September  1976  and  another  team  was  formed 
to  conduct  the  follow-on  study  work  under  the  sponsorship  of  the  Energy  Research  and  Development  Administration 
(ERDA),  Included  among  the  follow-on  tasks  is  the  formal  response  to  each  of  the  critiques  of  the  1975  APSES  study, 
ERDA  has  requested  early  attention  to  the  critiques  response  task. 

The  purpose  of  this  enclosure  is  to  summarize  information  oir  ( 1 ) the  time  lag  between  receipt  of  the  critiques 
and  the  response  letters.  (2)  the  productive  utilization  of  the  critiques  m more  detailed  assessihents,  and  (3)  the 
content  of  the  current  automotive  technology  study  effort. 

Background 

In  August  1975,  the  JPL  Report  SP  43-17,  “Should  We  Have  a New  Enginel",  was  published.  The  purpose  of  the 
document,  sometimes  called  the  APSES  Report  (Automotive  Power  Systems  Evaluation  Study),  was  to  assess  auto- 
motive improvements  that  could  be  expected  in  the  next  decade.  In  addition  to  widespread  distribution  of  the  report, 
a scries  of  oral  presentations  was  conducted  by  members  of  the  APSES  study  team.  Critiques  of  the  report  from 
interested  individuals  of  organizations  were  solicited.  At  tiiat  time,  however,  there  was  neither  funding  nor  mecha- 
nism for  responding  to  the  many  and  extensive  comments  received  The  critiques  were  simply  compiled  and  given 
limited  distribution. 

Current  Program 

In  May  of  1976,  JPL  was  selected  by  the  ERDA  Division  of  Transportation  Energy  Conservation  to  conduct  a 
follow-on  automotive  assessment  effort.  The  approval  for  this  project,  called  Automotive  Technology  Status  and 
Projections  (ATSP),  was  received  in  September  1976.  The  principal  activities  and  outputs  of  the  ATSP  effort  are; 

• A continuing  assessment  of  higlAvay  transportation  technology  and  of  the  potential  advantages  of  new  propul- 
sion concepts. 

o Fact  finding  visits  to  assess  the  state-of-the-art  in  selected  areas  of  automotive  technology. 

e An  annual  report  which  surveys  and  assesses  progress  toward  meeting  ERDA  goals  and  objectives  for  highway 
transportation  vehicles. 

• A longer  term  product  consisting  of  a source  book  on  automotive  technology.  Assessments  of  alternative 
power  plants  and  major  vehicle  subsystems  will  form  tire  basis  of  the  source  book.  The  individual  assessments, 
called  Technical  Task  Summaries  (TTS),  will  be  published  separately  as  they  are  completed. 

• In  the  near  term,  and  as  an  integral  part  of  the  ATSP  effort,  responses  have  been  prepared  to  the  APSES 
critiques.  This  was  done  using  the  existing  data  base.  Fuither  analysis  resulting  from  the  critiques  will  be 
done  downstream  as  part  of  the  on-going  studies  discussed  below. 
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FOREWORD 

In  August  1975,  the  Jet  Propulsion  Laboratory  (JPL)  California  Institute 
of  Technology  (Caltech)  completed  an  assessment  of  the  benefits  that  could  be 
realized  with  alternate  engines  and  related  vehicle  improvements  in  automobiles 
of  the  next  decade.  This  major  systems  study,  entitled  "Automobile  Power 
Systems  Evaluation  Study  (APSES),"  was  funded  under  a public-interest  grant 
to  Caltech  from  the  Ford  Motor  Company.  The  results,  documented  in  JPL 
Report  SP  43-17*  "Should  We  Have  a New  Engine?",  stirred  nationwide  interest 
and  JPL  has  received  thoughtful  comments  and  critiques  from  many  interested 
organizations.  For  a dynamic  subject  area  of  this  breadth  and  scope,  it  is  not 
surprising  that  certain  of  the  study's  conclusions  and  recommendations  are- 
somewhat  controversial.  Until  recently,  however,  there  were  neither  funds 
nor  a mechanism  available  to  JPL  whereby  these  comments  and  critiques  would 
be  addressed  in  appropriate  depth.  The  Energy  Research  and  Development 
Administration  (ERDA)  has  now  provided  the  necessary  mechanism  through 
their  sponsorship  of  a follow-on  study. 

ERDA  recognized  that  the  APSES  study  report  has  served  as  a common 
basis  for  constructive  dialogue  in  industry  and  government  circles.  The  broad 
utility  of  that  assessment  motivated  the  ERDA  Division  of  Transportation 
Enjsrgy  Conservation  to  continue  such  work  in  support  of  its  Office  of  Highway 
Vehicle  Systems.  JPL  was  selected  to  conduct  the  follow-on  project,  called 
Automotive  Technology  Status  and  Projections  (ATSP). 

The  ATSP  Project  is  a multitask  effort  which  embraces  all  of  the  facets 
of  the  original  APSES  study,  and  more.  The  general  objective  of  the  ATSP 
project  is  to  carry  on  a continuing  assessment  of  current  automotive  technology 
development  programs  and  of  prospects  of  new  concepts.  The  study  embraces 
alternate  engines  and  power  train  components,  related  energy-conserving  vehi- 
cle modifications,  and  fuel  alternatives  which  could  be  implemented  by  the  end 
of  this  century.  Early  phases  of  the  study  will  focus  upon  passenger  cars,  with 
possible  subsequent  expansion  to  include  trucks,  buses  and  other  highway 
vehicles. 


Now  available  as  SAE  Publication  SP  400s. 
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One  of  the  major  products  of  this  project  is  to  be  a series  of  annual 
reports  on  ERDA's  advanced  automobile  program.  These  documents  will  assess 
progress  made  in  the  prior  year  toward  meeting  ERDA's  objectives  in  ongoing 
automotive  development,  and  the  potential  impact  of  new  developments.  This 
assessment  will  be  made  against  the  backdrop  of  revised  fuel  supply  projections, 
changing  regulatory  standards,  and  National  priorities, 

A longer-term  output  of  the  ATSP  project  will  be  a comprehensive 
Sourcebook  on  Automotive  Technology,  Its  revisable  sections  will  summarize 
pertinent  technical  data  on  alternative  automotive  powerplants  (heat  engines, 
electric  and  hybrids),  transmissions- and  other  power  train  components,  related 
vehicle  structure  and  packaging  improvements,  and  fuels.  It  is  intended  that 
this  sourcebook  serve  as  a convenient  and  self-consistent  desk  reference  for 
interested  users. 

Since  the  ATSP  Project  is  building  upon  the  original  APSES  data  base, 
one  of  the  early  tasks  assigned  by  ERDA  was  the  compilation  and  publication  of 
the  critiques  of  the  APSES  report.  This  document  is  intended  to  satisfy  that 
requirement.  JPL  responses  are  included  for  most  of  the  critiques.  For  some 
of  the  critiques,  a response  is  not  required.  In  these  cases  the  incoming  letter 
is  included,  but  without  a corresponding  response  letter.  Most  of  the  responses 
are  interim  in  nature,  and  considerable  work  must  be  done  to  properly  address 
the  many  aspects  of  the  APSES  study  which  are  discussed  in  the  critiques. 

Applicable  portions  of  the  various  critiques  will  be  incorporated  in  the 
appropriate  ATSP  study  tasks  (e.g.  , all  the  critiques,  or  portions  thereof,  per- 
taining to  gas  turbine  power  systems  will  be  addressed  under  the  "Brayton 
Power  Systems"  study  task).  Technical  Task  Summaries  will  be  published  as 
public  documents.  They  will  subsequently  serve  as  the  basis  for  various  sec- 
tions in  a Sourcebook  on  Automotive  Technology,  and  for  the  annual  reports. 

APPROACH 

Each  critique  of  JPL  Report  SP  43-17,  "Should  We  Have  a New  Engine" 
is  preceded  in  almost  all  cases  by  the  corresponding  JPL  response  letter. 
Included  with  each  response  letter  was  a standard  enclosure.  In  the  interest  of 
bervity,  the  enclosure  is  not  included  with  each  response  letter  herein,  but  is 
presented  as  Exhibit  A. 
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EXHIBIT  A 

ENCLOSURE  TO  JPL  LETTERS  IN  RESPONSE  TO 
CRITIQUES  OF 

AUTOMOTIVE  POWER  SYSTEMS  EVALUATION  STUDY  (APSES) 
As  Reported  in  SP  43-17  "Should  We  Have  a New  Engine?" 


Introduction 

The  automotive  study  activities  at  JPL  have  entered  a new  phase.  Upon  completion  of  the  APSES  study,  the 
analysis  team  was  partially  disbanded  during  the  penod  August  1975  to  September  1976  and  another  team  was  formed 
to  conduct  the  follow-on  study  work  under  the  sponsorship  of  the  Energy  Research  and  Development  Administration 
(ERDA).  Included  among  the  follow-on  tasks  is  the  formal  response  to  each  of  the  critiques  of  the  1975  APSES  study. 
HRDA  has  requested  early  attention  to  the  critiques  response  task. 

The  purpose  of  this  enclosure  is  to  summarize  information  on;  ( 1 ) the  time  lag  between  receipt  of  the  critiques 
and  the  response  letters,  (2)  the  productive  utilization  of  the  critiques  in  more  detailed  assessments,  and  (3)  the 
content  of  the  current  automotive  technology  study  effort. 

Background 

In  August  1975,  the  JPL  Report  SP  43-17,  “Should  We  Have  a New  Engine?”,  was  published.  The  purpose  of  the 
document,  sometimes  called  the  APSES  Report  (Automotive  Power  Systems  Evaluation  Study),  was  to  assess  auto- 
motive improvements  that  could  be  expected  in  the  next  decade.  In  addition  to  widespread  distribution  of  the  report, 
a series  of  oral  presentations  was  conducted  by  members  of  the  APSES  study  team.  Critiques  of  the  report  from 
interested  individuals  of.  organizations  were  solicited.  At  that  time,  however,  there  was  neither  funding  nor  mecha- 
nism for  responding  to  the  many  and  extensive  comments  received.  The  critiques  were  simply  compiled  and  given 
limited  distribution. 


Cunent  Program 

in  May  of  1976,  JPL  was  selected  by  the  ERDA  Division  of  Transportation  Energy  Conservation  to  conduct  a 
follow-on  automotive  assessment  effort.  The  approval  for  this  project,  called  Automotive  Technology  Status  and 
Projections  (ATSP),  was  received  in  September  1976.  The  principal  activities  and  outputs  of  the  ATSP  effort  are: 

• A continuing  assessment  of  highway  transportation  technology  and  of  the  potential  advantages  of  new  propul- 
sion concepts. 

• Fact  finding  visits  to  assess  the  state-of-the-art  in  selected  areas  of  automotive  technology. 

• An  annual  report  which  surveys  and  assesses  progress  toward  meeting  ERDA  goals  and  objectives  for  highway 
transportation  vehicles. 

• A longer  term  product  consisting  of  a source  book  on  automotive  technology.  Assessments  of  alternative 
power  plants  and  major  vehicle  subsystems  will  form  the  basis  of  the  source  book.  The  individual  assessments, 
called  Technical  Task  Summaries  (TTS),  will  be  published  separately  as  they  are  completed. 

• In  the  near  term,  and  as  an  integral  part  of  the  ATSP  effort,  responses  have  been  prepared  to  the  APSES 
critiques.  This  was  done  using  the  existing  data  base.  Further  analysis  resulting  from  the  critiques  will  be 
done  downstream  as  part  of  the  on-going  studies  discussed  below. 
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The  ATSP  activities  that  are  currently  underway  include  the  following 

O Responses  to  the  APSES  critiques  are  scheduled  for  completion  in  late  July  1977. 

9 Analyses  of  selected  technical  issues,  brought  out  in  the  APSES  critiques,  will  be  compiled  and  addressed  on 
a generic  basis  without  further  reference  to  individual  sources.  A letter-by-letter  response  is  not  planned 

o A review  of  the  alternate  engine  installcd-horscpower  scaling  that  was  used  in  the  APSES  report  is  scheduled 
for  completion  early  in  CY  1978. 

9 Development  of  JPL’s  simulation  computer  program.  Vehicle  Economy,  Emission,  and  Performation  (VEEP), 
is  continuing.  Phase  1,  for  conventional  heat  engined  cars,  is  scheduled  for  completion  in  October  1977. 

• A review  of  the  APSES  projections  relative  to  the  catalytic  controlled  Otto  cycle  engines  is  particularly  perti- 
nent in  view  of  the  recent  Volvo  announcements  in  this  area.  It  is  scheduled  for  completion  during  the  fourth 
quarter  of  CY  1977. 

« A reassessment  of  the  state  of  development  of  Brayton  cycle  engines  is  scheduled  for  completion  in  late 
CY  1978. 

» A reassessment  of  the  state  of  development  of  Stirling  cycle  engines  is  scheduled  for  completion  m late 
CY  1978. 

In  addition  to  the  above  tasks  which  are  in  progress,  there  arc  several  other  tasks  scheduled  to  begin  later  in  CY  1977 
These  include  reassessments  of  Diesel  cycle  engines,  Rankine  cycle  engines,  advanced  transmissions,  and  potential 
vehicle  modifications  other  than  to  the  drive  train.  Each  of  these  tasks  will  include  recognition  of  appropriate  issues 
raised  in  the  critiques.  Completion  of  these  last  four  items  range  from  mid  CY  1978  to  early  in  CY  1979  ■ 
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34LPE-77-224-1 
June  29,  1977 


Dr.  David  S.  Potter,  Vice  President  - 
Environmental  Activities 
Executive  Offices 
General  Motors  Technical  Center 
Warren,  Michigan  48090 

Dear  Dr.  Potter: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

General  Motors*  comprehensive  analysis  of  the  subject  report  obviously 
required  a significant  expenditure  of  engineering  man-hours  and  - management 
time  for  its  preparation.  JPL  wishes  to  express  our  sincere  thanks  to  GM 
for  providing  this  evaluation  of  the  study.  Both  the  timing  of  our  response 
and  a summary  of  our  restructured  program  are  explained  in  the  enclosure. 

JPL  is  pleased  that  GM  concluded  that  the  report  "is  a good  technological 
review  of  the  state-of-the-art  in  alternate  power  plant  development,  identi- 
fying the  pertinent  characteristics  of  the  various  engines  studied  as  well 
as  many  of  the  obstacles  which  must  be  overcome.  Certainly  this  type  of 
report  is  useful  at  any  time".  Mr.  Starkman  also  stated  in  his  cover  letter, 
*'I  offer  this  document  to  you  (JPL)  in  an  intent  to  be  constructive  rather 
than  critical".  It  is  in  this  same  spirit  that  we  now  provide  a partial 
response  to  the  major  GM  concerns.  Unfortunately,  this  type  of  exchange  has 
a natural  tendency  to  emphasize  the  limited  areas  of  disagreement  between 
the  parties  at  the  expense  of  the  larger  areas  of  agreement. 

The  GM  critique  consists  of  a cover  letter,  summary,  and  eight  attachments. 
The  attachments  were  apparently  written  by  different  GM  technical  experts 
who  reviewed  selected  chapters  of  the  JPL  report.  The  summary  and  cover 
letter  appear  to  represent  a GM  senior  management  perspective  of  the  overall 
study.  We  want  to  respond  here  primarily  to  the  GM  concerns  expressed  in 
the  summary  and  cover  letter.  Clearly  a complete  point-by-polnt  response 
to  all  of  the  items  raised  in  the  Attachments  is  neither  appropriate  nor 
feasible  in  a letter;  it  would,  in  essence,  be  another  study.  . Only  two 
issues  from  the  GM  Attachments  are  commented  on  below.  Our  ERDA-sponsored 
on-going  work  calls  for  continuing  technology  assessment  studies.  One  of 
the  outputs  of  this  project  is  a series  of  Technical  Task  Summaries  (TTS) 
on  selected  alternate  engine  types  which  update  and  expand  the  work  in  the 
subject  report.  The  detailed  GM  comments  and  suggestions  on  these  engine 
types  will  be  incorporated  in  these  TTS  reports  as  appropriate. 
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Before  leaving  the  Attachments,  two  areas  warrant  specific  JPL  comment  as 
follows;  (1)  GM's  Attachment  8 summarizing  the  conclusion  of  21  alternate 
power  plant  studies,  and  (2)  the  Otto  cycle  comments.  JPL  objects  to  the 
inferences  drawn  in  Attachment  8,  "Conclusion  from  21  Contemporary  Alternate 
Power  Plant  Studies".  The  listing  of  conflicting  conclusions  from  many 
studies  that  were  performed  under  differing  conditions  of  objective,  scope, 
time  frame,  funding  and  vested,  interest  in  the  outcome  is  simply  an  irrele- 
vant compilation  at  best.  The  JPL  report  emphasizes  the  first  word  of  its 
title  - Should  - and  considers  the  potential  of  the  alternatives.  It  is  in 
no  way  a prediction  of  what  will  be;  JPL  claims  no  special  clairvoyance  in 
predicting  the  future.  We  feel  that  it  is  necessary  to  assess  the  potential 
objectively  and  strive  to  achieve  it. 

Attachment  1 gives  GM's  comments  on  the  Otto  cycle  with  respect  to  the  prospects 
for  meeting  the  Statutory  emission  standards  (.41  g/mi  HC/3.4  CO/0.4  NO^)  with- 
out degrading  fuel  economy.  An  October  3,  1975  letter  to  Mr.  Jensen  of  Ford 
amplified  the  JPL  position  as  of  that  date.  The  letter  supported\the  position 
taken  in  the  subject  study.  Looking  at  that  situation  today  with  'the  benefit 
of  almost  2 years  elapsed  time,  JPL  still  concludes  that  given  adequate 
development  the  statutory  emission  standards  can  be  met  across  the  fleet 
without  degrading  (and,  in  fact,  slightly  improving)  fuel  economy.  The  question 
of  the  certification  margin  for  the  "large"  (5000  lb  curb  weight)  car  is  now 
moot  as  the  legislated  fuel  economy  standards  will  result  in  "large"  cars  of 
significantly  lower  weight. 

Turning  now  to  the  summary  and  cover  letter,  GM’s  "major  concerns  with  the  JPL 
report  relate  to  Its  scheduling  of  technological  breakthroughs  ...  as  well  as 
its  apparent  lack  of  recognition  that  the  ultimate  success  of  an  alternative 
engine  must  be  determined  in  the  marketplace".  Also  the  summary,  cover  letter 
and  one  of  the  Attachments  dwell  heavily  on  the  subject  of  risk  - technical, 
market  and  financial.  Regarding  the  "scheduling  of  technological  breakthroughs", 
JPL,  of  course,  agrees  that  true  research  breakthroughs  cannot  be  scheduled. 
However,  JPL  has  not,  as  GM  concluded,  scheduled  research  breakthroughs  in 
formulating  the  report's  conclusions  and  recommendations.  In  our  judgement, 
research  breakthroughs  are  not  required  to  Implement  the  Mature  configuration 
engines  upon  which  the  JPL  conclusions  were  based.  What  is  needed  is  a 
technical  development  program  which,  of  necessity,  requires  firm  management 
commitment  and  adequate  funding.  The  JPL  scheduling  of  this  development  effort 
is  a success-oriented  path,  as  it  should  be  when  setting  project  goals. 

Failure  to  reach  the  scheduled  goals  would  be  attributed  to  frailty  of  man,  not 
fundamental  scientific  limitations. 
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We  are  quite  frankly  puzzled  by  GM's  major  emphasis  that  the  JPL  report  "has 
an  apparent  lack  of  recognition  that  the  ultimate  success  of  an  alternate 
engine  must  be  determined  in  the  marketplace".  We  are  not  aware  that  the  JPL 
report  or  verbal  presentation,  either  in  1975  or  now,  disagree  with  this 
statement.  The  central  thesis  of  the  JPL  report  is  that  several  of  the 
alternative  engines  have  sufficient  potential  to  warrant  their  vigorous 
development  to  provide  the  nation  the  option  of  their  subsequent  Introduction. 
The  JPL  study  did  not  by  its  scope  address  the  possible  introduction  strategies 
that  could  be  employed  after  a successful  technical  development.  The  risk,  of 
any  type,  to  GM  (or  the  infra-structure  supporting  it)  of  carrying  out  the  JPL 
research  and  development  recommendations  is  affordable.  Since  the  public  at 
large  benefits  from  reduced  emissions  and  Improved  fuel  economy,  the  JPL 
report  stated  that  government  assistance  (of  an  unstudied  and  unspecified  type) 
could  be  employed  to  further  reduce  the  risk. 


This  critique  has  been  most  helpful  to  JPL,  and  we  sincerely  appreciate  the 
time  spent  by  General  Motors’  Staff  in  its  preparation. 


Automotive  Technology  Status  and 
Proj ections 


HEC;tm 

Enclosure  (1) 
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Environmental  Activities  Staff 
General  Motors  Corporation 
General  Motors  Technical  Center 
Warren.  Michigan  48090 

December  1,  1975 


Dr,  R.  Rhoads  Stephenson 

Investigator,  Auto  Power  Systems  investigation 

Jet  Propulsion  Laboratory 

California  Institute  of  Technology 

Pasadena,  California  91103 

Dear  Rhoady: 

Attached  you  will  find  a copy  of  General  Motors  analysis  of  the  JPL  report,  "Should 
We  Have  a New  Engine?" 


This  is  transmitted  to  you  in  accordance  with  our  discussion  of  September  18,  1975, 
at  which  time  you  and  members  of  your  staff  briefed  us  on  the  contents  of  that  report. 

The  attached  critique  represents  the  input  from  many  individuals  and  staffs  within 
General  Motors,  Each  of  the  people  involved  in  the  analysis  is  an  expert  in  the  par- 
ticular portion  of  your  document  which  he  reviewed.  Environmental  Activities  Staff 
has  acted  as  a collating  organization  in  order  to  put  the  resulting  discussion  into  context. 


As  noted  in  the  GM  summary,  we  have  generally  concluded  that  the  report  is  a good 
technical  review  of  the  state  of  the  art  in  alternate  power  plant  development.  Our 
major  concerns  with  the  report  relate  to  its  "scheduling"  of  technological  breakthroughs 
to  occur  within  the  next  few  years  (such  as  the  assumption  that  the  statutory  emission 
standards  will  soon  be  met),  as  well  as  its  apparent  lack  of  recognition  that  the  ultimate 
success  of  an  alternative  engine  must  be  determined  in  the  marketplace.  As  you  know, 
major  technological  advances  must  occur  in  several  areas,  before  any  alternate  power 
plant  will  be  able  to  offer  a serious  challenge  to  the  conventional  Otto  cycle  engine. 
Our  points  of  disagreement  and  agreement  are  addressed  more  precisely  and  completely 
in  our  critique. 


On  behalf  of  General  Motors,  I offer  this  document  to  you  in  an  intent  to  be  construc- 
tive rather  than  critical . We  trust  it  will  be  of  value  to  you  and  your  task  force  per- 
sonnel. Thanks  for  the  opportunity  to  evaluate  your  report  and  Its  contents. 


mb 

att. 


Very  truly  yours. 


E.  S,  Starkman 
Vice  President 
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SUMMARY 


The  Jet  Propulsion  Laboratory  (JPL)  report  entitled  "Should  We  Have  a New  Engine? 

An  Automotive  Power  Systems  Evaluation",  dated  August,  1975,  has  been  reviewed 
by  several  interested  research  and  engineering  groups  within  General  Motors. 

Generally,  they  concluded  that  the  Report  is  a good  technological  review  of  the  state 
of  the  art  in  alterrwte  power  plant  development,  identifying  the  pertinent  characteristics 
of  the  various  engines  studied  os  well  as  many  of  the  obstacles  which  must  be  overcome. 
Certainly,  this  type  of  report  is  useful  at  any  time. 

One  of  the  major  GM  concerns  with  the  Report  centers  on  its  assessment  of  all  of  the 
various  technical  interactions  and,  from  these,  the  probable  resulting  characteristics 
of  the  various  alternate  power  plants.  This  process  depends  heavily  on  the  reliability 
of  the  predictions  made  for  overcoming  the  technical  obstacles,  and  the  associated 
impact  on  the  total  design  development  and  production  capabilities  of  the  industry. 

To  illustrate  this  concern,  a review  of  the  conclusions  reached  in  a number  of  similar 
alternate  power  plant  studies  made  by  "contemporaries"  of  JPL  shows  that  they  reached 
widely  different  conclusions  even  though  they  used  essentially  the  same  set  of  facts. 
There  is  certainly  no  consensus  in  the  conclusions  reached  by  these  studies. 


The  JPL  Report,  as  with  most  other  studies  of  the  alternative  power  plant  situation, 
contains  an  array  of  assumptions  concerning  how  and  when  various  obstacles  will  be 
overcome.  Included  is  the  tacit  assumption  that  all  of  these  problems  will  be  solved 
"on  schedule"  with  adequate  funding.  Thus,  the  assumption  is  made  that  it  is  possible 
to  "schedule"  technological  breakthroughs.  Past  experience  does  not  support  this,  and 
GM  engineers  and  scientists  are  not  able  to  find  support  for  this  critical  assumption  in 
any  of  the  past  history  of  alternative  power  plant  development. 

A second  major  GM  concern  is  that  the  Report  fails  to  recognize  that  the  ultimate  success 
of  any  alternative  power  plant  must  be  determined  in  the  marketplace.  The  economic 
and  market  risks  cannot  be  "assumed  away,"  as  is  the  case  in  almost  all  technological -fix 
studies.  Before  any  precisely  stated  conclusions  such  as  those  included  in  the  JPL  Report 
can  be  formulated,  the  total  area  of  technological  and  economic  risks,  manufacturability 
and  materials  must  be  effectively  evaluated.  This  should  occur  both  in  terms  of  the 
organizations  which  are  required  to  take  the  risk,  and  acceptance  of  the  results  in  the 
marketplace.  Without  this  type  of  sensitivity  study,  no  realistic  actions  may  be  taken 
regarding  the  conclusions. 

In  summary,  while  the  study  is  interesting,  there  does  not  appear  to  be  any  significant 
new  information  contained  in  it,  and  the  conclusions  appear  to  be  highly  speculative. 

Specific  comments  as  they  relate  to  the  Otto  cycle,  diesel,  stratified  charge,  Stirling 
and  gas  tuHaine  engines,  as  well  as  transmission  selections,  ar.e  contained  in  Attachments 
1 through  5 of  this  statement-.  Comments  on  the  subjects  of  financial  risk,  manufacturability 
and  materials  are  in  Attachments  6 end  7«  Attachment  8 summarizes  the  conclusions  of  the 
21  alternate  power  plants  studies  made  by  "contemporaries"  of  JPL. 
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ATTACHMENT  1 


OTTO  CYCLE  ENGINE 


The  following  comments  relate  to  Volume  II,  Chapter  3,  of  the  JPL  Report,  which 
addresses  the  Otto  cycle  engine.  This  was  reviewed  with  the  JPL  project  team  during 
their  visit  to  GM  on  September  18,  1975. 

The  JPL  Report  concluded  that  with  some  additional  development,  the  Otto  cycle  engine 
can  meet  the  1978  statutory  standards  (.41  gpm  HC,  3.4  CO,  .4  NOx)  with  some  improve- 
ment in  fuel  economy.  Excerpts  from  the  Report  which  state  this  conclusion  and  the 
rationale  for  this  conclusion  are  shown  in  Figures  1 and  2,  The  major  supporting  points 
are: 

1 . low  mileage  vehicle  data  with  3-way  catalyst  systems; 

2.  high  mileage  conversion  efficiencies  of  3-way  systems,  of  77%  for 
HC  arxJ  NOx; 

3.  engine-out  emission  levels  for  HC  and  NOx  of  l,73gp/mi,  which,  when 
combined  with  the  above  efficiency,  would  allow  this  system  to  meet 
the  statutory  standards;  and 

4.  fuel  economy  equal  to  the  best  1975  oxidizing  converter  systems  with 
some  improvement  through  better  mixture  control,  optimized  EGR  and 
spark  timing. 

General  Motors  engineers  have  experimented  extensively  with  both  the  3-way  catalyst 
system,  including  closed-loop  control  of  the  fuel  metering  as  well  as  open-loop  dual 
catalytic  converter  systems.  Shown  in  Figure  3 are  results  from  5 current  GM  development 
cars  targeted  toward  the  1978  statutory  standards  utilizing  these  types  of  emission  control 
systems.  The  first  2 vehicles  in  the  figure  are  closed-loop,  electronic  fuel  injection, 
3-way  converter  systems.  The  third  vehicle  employs  a closed-loop  carburetor  system  with 
a 3-way  converter,  followed  by  an  oxidizing  converter  with  additional  secondary  air. 

The  last  2 vehicles  are  open-loop,  dual  converter  vehicles.  Consistent  with  the  JPL 
findings,  all  of  these  vehicles  achieved  the  statutory  levels  at  low  mileage.  However, 
this  type  of  information  in  itself  does  not  demonstrate  capability  to  achieve  the  standards 
for  the  required  50,000  miles. 

Shown  in  Figure  4 are  additional  test  results  for  the  same  5 vehicles  discussed  in  Figure  3, 
showing  engine-out  emission  levels  and  the  overall  conversion  efficiency  on  the  Federal 
emission  test.  These  data  indicate  that  at  low  mileage,  conversion  efficiencies  on  the 
order  of  77%  for  HC  and  NOx  are  achievable.  Again,  however,  these  conversion 
efficiencies  are  not  demonstrative  of  the  capability  of  the  system  to  meet  the  50,000 
mile  requirement. 

GM  is  continuing  to  develop  comprehensive  system  durability  data  on  advanced  emission 
control  systems,  since  this  is  of  primary  importance  in  determining  system  potential. 

Figure  5 shows  system  durability  data  to  date  for  the  first  vehicle  listed  in  Figure  3. 

These  data  indicate  that  at  5,000  miles,  this  vehicle  is  already  exceeding  the  CO 
standard  (which  JPL  stated  as  being  no  problem),  and  is  marginol  for  NOx  control. 
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This  test  Is  being  run  with  Indolene  clear  fuel  which  has  a low  contaminant  level 
(.009gi/gal.  lead  and  e0004  gr/gal.  phosphorus)  to  enhance  the  probability  of  this 
system  achieving  durability  requirements.  Figure  6 shows  conversion  efficiencies  for 
this  test  vehicle.  The  overall  test  efficiency  for  all  3 constituents  at  the  5,000  mile 
test  point  was  78%. 

Durability  results  obtained  to  date  on  the  dual  converter  open-loop  system  (4th  vehicle 
in  Figure  3)  are  shown  in  Figure  7,  These  data  show  that  at  10,000  miles,  the  vehicle 
is  exceeding  the  HC  standard,  and  is  marginal  on  both  CO  and  NOx  control. 

Figure  8 shows  durability  results  for  a number  of  other  dual  converter  system  vehicles, 
with  each  curve  representing  a different  catalyst  formulation.  These  data  indicate 
that  although  low  NOx  levels  can  be  achieved  at  low  mileage,  the  systems  deteriorate 
rapidly,  • The  maximum  mileage  for  which  all  3 constituents  were  below  the  statutory 
standards  (.41  HC,  3,4  CO,  .4  NOx)  was  16,000  miles,  with  most  of  the  systems 
failing  at  less  than  10,000  miles.  Thus,  our  vehicle  system  data  indicate  that  NOx 
catalyst  durability  with  either  3-way  or  dual  converter  systems  is  a major  problem. 

It  appears  to  require  a technological  breakthrough. 

One  of  the  important  assumptions  involved  in  the  JPL  conclusions  concerning  the 
capability  of  3-way  and  dual  catalysts,  is  that  1 ,73  gr/mi,  of  HC  and  NOx  can  be 
simultaneously  obtained  as  engine-out  or  feed-gas  levels  to  the  catalytic  converter. 

As  shown  in  Figure  9,  it  is  the  original  reference  used  for  the  basis  of  this  assumption. 
The  vehicles  in  this  reference  used  AIR,  and  had  a/f  ratios  considerably  leaner  than 
stoichiometric.  The  use  of  AIR  and  the  lean  a/f  ratios  would  not. provide  an  acceptable 
feed-gas  for  a reducing  converter.  Thus,  these  data  are  not  usable  as  a basis  for  the 
JPL  assumption  that  emission  levels  of  less  than  1 .73  gr/mi,  of  HC  and  NOx  out  of  the 
engine  can  be  simultaneously  and  readily  obtained. 

Shown  in  Figure  10  are  test  results  from  the  experimental  system  vehicles  listed  in 
Figure  3,  indicating  the  feed  gas  levels  to  the  catalytic  converter  of  these  systems. 
These  data  show  that  levels  on  the  order  of  1 ,7  HC  and  1 .7  NOx  were  achieved 
with  these  experimental  systems.  However,  the  achievement  of  these  emission  levels 
at  stoichiometric  or  rich  q/f  ratios  compatible  with  3-way  or  dual  converter  systems 
requires  spark  retard,  particularly  for  the  control  of  HC.  Thus,  a loss  in  fuel  economy 
of  12.9%  to  23,5%  results  when  compared  with  comparable  1975  Federal  certification 
vehicles.  As  indicated  above,  with  feed  gas  levels  as  shown  on  this  chart,  adequate 
system  durability  has  not  been  achieved.  In  order  to  obtain  acceptable  durability,- 
lower  feed  gas  levels  may  be  required  which  will  probably  result  in  a larger  fuel 
economy  penalty. 

The  data  referenced  In  the  JPL  report  which  was  used  to  indicate  that  the  statutory 
standards  can  be  met  at  low  mileage,  with  no ‘loss  in  fuel  economy  when  compared  with 
1975  vehicles,  do  not  support  the  conclusion  reached.  These  referenced  data  are  shown 
in  Figure  11,  Engine-out  emission  levels  of  this  vehicle  at  0 miles  were  2.4  HC, 

28.3  CO  and  1,2  NOx,  The  emission  results  of  the  total  system  considerably  exceed 
both  the  statutory  HC  and  NOx  requirements  at  4,000  miles. 
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Shown  in  Figure  12  is  the  GM  assess  men  tHof  the  impact  of  more  stringent  emission 
standards  on  vehicle  fuel  economy,  including  the  test  data  source.  The  penalty  of 
20%  for  meeting  the  statutory  standards  (.41  HC,  3,4  CO  and  ,4  NOx)  is  based  on 
the  3~way  catalyst  and  duol  catalyst  systems  shown  In  the  previous  figures.  It  is 
important  to  note  that  this  assessment  may  not  be  valid  since  viable  technology  has 
not  been  developed  to  meet  the  statutory  standards. 

Contrary  to  the  JPL  report,  the  3-way  catalyst  system  does  not  represent  existing 
technology  for  meeting  the  statutory  standards,  and  will  require  some  ma|or  techno- 
logical breakthroughs  to  accomplish  that  task.  As  already  demonstrated,  the  3-way 
system  has  poor  catalyst  durability.  In  addition,  the  simultaneous  clean-up  of  all 
3 constituents  at  the  stoichiometric  a/f  ratio  inherently  results  in  a lower  conversion 
efficiency  for  each  constituent  than  if  individual  oxidizing  and  reducing  catalysts  were 
used.  The  "window"  for  simultaneous  conversion  is  very  narrow,  drifts  with  age  and 
temperature,  and  decreases  with  miles. 

In  order  to  achieve  significantly  lower  engine-out  levels  that  appear  to  be  a necessity 
in  improving  the  overall  performance  of  such  emission  control  systems  as  3-way  or  dual 
catalyst,  significant  fuel  economy  penalties  can  be  expected.  Wide  experience 
obtained  in  developing  emission  control  systems  to  different  emission  control  standards 
clearly  supports  this  premise.  Figure  13,  which  includes  a comparison  of  1975  Federal 
and  California  certification  data  vehicles,  is  one  example  of  fuel  economy  impact  with 
lower  emission  standards.  This  shows  a 9,3%  fuel  economy  penalty  at  the  more  stringent 
California  standards. 

Figure  14  shows  the  results  of  the  GM  1977  practice  fleet  targeted  for  the  original  1977 
emission  standards  of  ,41  HC,  3,4  CO  and  2,0  NOx,  For  the  18  cars  in  this  fleet  that 
reached  30,000  miles,  the  average  fuel  economy  penalty  compared  with  comparable 
1975  Federal  certification  cars,  was  13,5%,  Of  the  18  cars,  only  8 were  still  within 
the  standards  at  30,000  miles.  With  a catalyst  change,  these  8 cars  would  hove  a 
reasonable  probability  of  meeting  the  standards  at  50,000  miles. 

Figure  15  shows  two  development  cars  which  are  being  tailored  for  the  1977  California 
standards  of  .41  HC,  9.0  CO  and  1.5  NOx,  These  vehicles  are  showing  an  18  to  24% 
loss  in  fuel  economy  compared  with  comparable  1975  certification  cars,  and  both  are 
exceeding  the  emission  targets  which  would  be  required  to  have  reasonable  probability 
of  meeting  the  certification  and  end-of-line  requirements. 

Utilizing  these  test  results,  an  illustration  of  the  process  for  stating  low  mileage  emission 
requirements  for  potential  certification  can  be  developed.  This  process  is  outlined  in 
Figure  16,  The  data  shown  in  this  figure  represent  our  experience  in  meeting  the  1975 
certification  requirements  at  the  1975  Federal  standards  of  1,5  HC,  15  CO  and  3,1  NOx. 
An  average  of  the  actual  certification  data  cars  at  4,000  miles  shows  that  the  emission 
levels  were  .5  HC,  6,0  CO  and  2,2  NOx.  These  levels  were  34%  of  the  HC-standard, 
40%  for  CO,  and  70%  for  NOx,  These  4,000  mile  emission  levels  were  required  to  assure 
that  these  vehicles  would  meet  the  certification  requirements  and  represent  the  design 
margin  required  to  include  the  deterioration  factor,  as  well  as  car  and  test  variability. 
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Assuming  that  there  would  be  no  significant  change  in  our  technology  with  respect 
to  the  catalyst  system  in  terms  of  efficiency  and  deterioration  (which  is  at  this  time 
a reasonable  assumption  when  considering  the  statutory  standards)  and  assuming  that 
we  could  reduce  car  and  test  variability  proportional  to  the  reduction  in  standards, 
the  overage  certification  car  at  4,000  miles  would  have  to  be  at  .14  HC,  1 .4  CO 
and  1 .4  NOx  to  meet  standards  of  .41  HC,  3.4  CO  and  2,0  NOx.  The  lower  margin 
for  NOx  results  from  the  lower  deterioration  factor  with  the  EGR  type  of  control  used 
to  meet  that  standard,  as  opposed  to  the  converter  system  required  to  meet  the  HC  and 
CO  standards,  if  we  were  required  to  meet  a .4  NOx  standard,  this  would  also  require 
a converter  system.  Assuming  that  we  could  achieve  the  same  level  of  conversion 
efficiency  as  currently  being  achieved  for  HC  with  oxidizing  converters  (which  we  have 
not  been  able  to  achieve  to  date),  then  the  average  certification  car  would  have  to  be 
at  a ,14  NOx  level  to  meet  this  standard. 

Low  mileage  emission  performance  data  for  3-way  and  dual  catalyst  systems  are  above 
the  levels  which  appear  to  be  required  to  meet  the  certification  requirements  at  statutory 
levels.  Moreover,  the  durability  data  indicate  poor  durability  and  higher  deterioration 
rates  than  were  assumed  in  the  calculation  above,  which  would  mean  even  lower  emission 
requirements  and  low  mileage.  These  data  also  indicate  that  a substantial  loss  in  fuel 
economy  will  result  at  the  current  level  of  technology  for  both  3-way  and  dual  catalyst 
systems, 

A number  of  other  assumptions  included  in  the  JPL  analysis  of  the  Otto  cycle  engine 
are  also  of  concern.  These  are  listed  in  Figure  17  to  indicate  our  belief  that  these 
assumptions  are  not  valid  based  on  our  test  experience.  Detailed  comments  on  these 
assumptions  have  not  been  included  since  the  above  discussion  has  covered  much  more 
important  areas  which  require  attention,  first. 

In  summary,  our  review  of  the  JPL  conclusion  that  potential  exists  for  the  Otto  cycle 
engine  to  achieve  both  statutory  emission  control  levels  and  maximum  fuel  economy 
indicates  that  existing  information  does  not  support  such  a conclusion.  Major  problem 
areas  must  be  solved,  and  significant  technological  breakthroughs  must  be  achieved, 
before  support  for  such  an  optimistic  conclusion  can  be  stated.  No  precise  schedule 
for  such  improvements  can  be  predicted  because  the  experimental  development  progress 
curve  to  date  has  been  very  low,  compared  with  the  progress  that  must  be  achieved 
in  order  to  meet  the  conclusions  stated  by  JPL.  This  time-scheduling  is  particularly 
important  in  the  JPL  analysis,  since  it  assumes  very-near-future  utilization  of  emission 
control  systems  such  as  3-woy  and  dual  catalyst,  in  order  to  allow  achieving  both  the 
statutory  emission  standards  and  significant  fuel  economy  gains.  Extensive  development 
efforts  to  achieve  this  improvement  in  technology  would  certainly  impact  ability  to 
maintain  an  all-out  research  ar>d  development  effort  toward  a totally  different  power 
plant. 
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Figure  1 


JPL  - OTTO  CYCLE  ENGINE  SUMMARY 
. EI^ISSIONS 

"Given  some  additional  development^  cars  with  catalytically 

CONTROLLED  OtTO  ENGINES  DO  NOT  HAVE  TO  GIVE  UP  FUEL  ECONOMY 
TO  COMPLY  WITH  THE  STRICTEST  LEGISLATED  EMISSION  STANDARDS. 
In  fact,,  SOME  IMPROVEMENT  IN  EFFICIENCY  OF  SUCH  ENGINES  CAN 
BE  OBTAINED  WITHOUT  RELAXATION  OF  THOSE  EMISSION  STANDARDS," 

(Summary' PG,  3) 


Rationale  — 

— 3-way  systems  at  low  mileage  have  HC  and  CO  emissions 
largely  below  .^1  HC  and  3, a CO,  with  NOx  in  the  range 
OF  .2  TO  ,9  WITH  THE  HEAVIER  CARS  ALL  ABOVE 

"A  REASONABLE  HIGH  MILEAGE  CONVERSION  EFFICIENCY  FOR 

3-WAY  SYSTEMS  IS  111  FOR  HC  AND  NOx,  WITH  CO  NOT  BEING 
A PROBLEM,  ACCORDING  TO  DEVELOPERS  OF  SUCH  SYSTEMS." 

— With  111  efficiency,  .A1  HC  and  ,4  NOx  standards  are 
ATTAINABLE  WITH  A FEED  GAS  OF  1.73  FOR  HC  AND  NOx. 

— "Emissions  of  less  than  1.73  G/Mi  of  HC  and  NOx  have 
BEEN  simultaneously  OBTAINED  AS  REPORTED  BY 
Gumbleton." 

— Therefore,  a 3-way  catalyst  system  with  advanced 
CARBURETION  AND  PROPORTIONAL  EGR  IS  PROJECTED  TO 
RESULT  IN  A FEED  GAS  SUFFICIENTLY  LOW  IN  HC  AND 
NOx  TO  ALLOW  VEHICLE  EMISSION  STANDARDS  OF  ,4  HC 
AND  .4  NOx  TO  BE  MET. 

(3-17) 
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Figure  2 


JPL  ■ OTTO  CYCLE  ENGINE  SUGARY  (CQNT^D) 

. FUEL  ECONOMY 

— 3-way  system  equal  to  the  best  '75  oxidizing 

CONVERTER  SYSTEM. 

5%  IMPROVEMENT  FOR  SUPERIOR  MIXTURE  CONTROL 

OF  ADVANCED  CARB.v  OPTIMIZED  EGR  AND  SPARK 
TIMING, 

— "Mature  UC  cars/'  yield  a sales  weighted 

IMPROVEMENT  IN  ECONOMY  OF  ABOUT  9 TO  10% 

OVER  MY  '75  CARS. 

(3-16) 


DRIVEABILITY 

3-way  SYSTEMS  WILL  PROVIDE  DRIVEABILITY  EQUAL 
TO  OR  POSSIBLY  SOMEWHAT  BETTER  THAN  UNCONTROLLED 
CARS.  No  STARTING  OR  WARM-UP  PROBLEMS  ARE 
ANTICIPATED, 

(3-18) 
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Make/ 
Inertio  Wf, 

Chevrolef 

3COO= 


Chevrolet 

3000* 


Chevrolef 

4Q0D* 


Chevrolet 

/|500* 

Chevrolet 

4500* 


78  FEDERAL  DEVELOPMENT  CARS 
EMISSION  STANDARDS  .41/3. 4/. 4 


Engine 

Description 

Emission 
Control  System 

Low  Mileage 
Emissions 

V40  - EFI 

C/L  - 3 Way  Cat 
EGR 

.19/2. 4/. 26 

140  - EFI 

C/L  - 3 Way  Cat 
EGR 

.27/1 .7/.  15 

350  - 4 bbl 

C/L  - 3 Way  Cat 
+ Oxid  Cat  - 
CAIR  - EGR 

.33/1. 9/.  39. 

350  - 4 bbl 

Dual  Cat 
AIR  - EGR 

.33/1 .3/.27 

350-4  bbl 

Dual  Cat 
AIR  - EGR 

.28/2.5/.32 

Figure  3 


1-14 


78  SYSTEMS  - ZERO  MILES 


MAKE/ 

ENGINE 

EMISSION 

INERTIA  WT. 

DESCRIPTION 

CONTROL  SYSTEM 

HC 

CO 

NOx 

CHEVROLET 

140  - EFI 

C/L  3-WAY 

T .19 

2.4 

.26 

3000i^ 

ESR 

E 1.3 

14.7 

1.8 

1 87 

88 

88 

CHEVROLET 

140  - EFI 

C/L  3-WAY 

T .27 

1.7 

.15 

3000# 

EGR 

E 1.9 

11.5 

1.6 

1 84 

85 

89 

CHEVROLET 

350.-  4 BBL 

C/L  3-WAY 

T .33 

1.9 

.39 

4000# 

+ oxid;  cat. 

E 2.0 

19.4 

4.3 

AIR-EGR 

1 83 

88 

73 

CHEVROLET 

3.50  - 4 BBL 

DUAL  CAT. 

T .33 

1.3 

.27 

4500# 

AIR-EGR 

E 2.8 

58 

1.0 

% 89 

98 

73 

CHEVROLET 

350  - 4 BBL 

DUAL  CAT. 

T .28 

2.5 

.32 

4500# 

AIR-EGR 

E 1.6 

69 

.9 

1 83 

97 

66 

Figure  4 


EMISSION  SYSTEM  DURADILITY 


TAILPIPE 


Figure  5 

Syslcm  description;  ^ ^ ~si  “la  C ^TA'^^yr 

Catalyst  type:  V\Kl-l>0^a  \ .03  T- O.  5 : \ ?>r/ 

Vehicle  No.  ^ Type\Az^»A\ Inertia  wt.  ~5>000'^^ 

Engine  dispi:  ^ACl Trans.  A*-Jto.  Axle  3-"^  <g> 


TAILPIPE 


Fl^cuV 

TTrrprtrrrnzI  CL^eAvi. 


lAILPIPE 


KO 


AMA  MILES  IN 
C ho  50  THOUSANDS 
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EMISSION  SYSTEM  DUKAOILITY 


System  description:  \) 0 
Catalyst  type: 

Vehicle  No. 

Engine  dlspl: 


Figure  7 

- CotAvjeeegiR.  Loop 

bgiK  06  -V  tt^oQocT.toey\  Uf  p 

Type  Inertio  wt.  4^00 

Trans.  TUrpA Axle  ‘3.  •'n,"5>  * ( 


:: 


::  -iti::;  ;; 


■ I I - 1 ■ ■ ■ ■ I ■ — — — ^ ^ 1 ... -|  ■ I I I — • j • ' — 


* • « , 1 . . . 


lH3i: 

It:-.-:::: 


It 


FAILPIPE 


TAILPIPE 


(GM/MI) 


C 


0 


20 


3 
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Figure  9 


78  SYSTEMS 
(FEED  GAS) 


Tabic  i - hxjH’riim:nt.il  Ctmlrol  .Sy8leim  {350  CTI3-VH  with  AIK. 
5CHX)  lb  Inertia  Wciiilil,  1975  I I’A  lest  Procedure) 


Car 

System 

HC 

g/mile 

CO 

g/mile 

NOx 

g/milc 

Economy. 

mpg 

A/F* 

A 

TransnusMon  controlled 
spark 

l.l 

12.8 

3.3 

11.1 

16,8 

B 

Proportional  EGR- 
ported  spark 

1.7 

15.8 

1.3 

IIJ 

15.7 

C 

Proportional  EGR— 
ported  spark 

1.7 

15.4 

1.1 

12.2 

16,0 

E 

Proportional  EGR— 
ported  spark 

2.0 

20.0 

1.1 

12.8 

15.6 

* Without  AIR 

’AIR  AND  Lean  A/F  does  not  provide  acceptable  feed  gas 

FOR  REDUCING  CONVERTERS 


Ref.  - Gumbleton.1  J.J.;  Bolton.,  R.A.j  Lang.,  H.W,  - (G.M,  Corp.) 
"Optimizing  Engine  Parameters  with  EGR".,  SAE  Paper 
No,  74010A,  February  1974. 
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78  SYSTEMS  - ZERO  MILES 


(FEED 


MAKE/ 

ENGINE 

EMISSION 

niERTIA  WT. 

DESCRIPTION 

CONTROL  [SYSTEM 

CHEVROLET 

MO  - EFI 

C/L  3-WAY 

T 

3000i^ 

EGR 

E 

7o 

CHEVROLET 

l^lO  - EFI 

C/L  3-WAY 

T 

3000# 

EGR 

E 

% 

CHEVROLET 

350  - f)  BBL 

C/L  3-WAY 

T 

AOOO# 

+ OXID.  CAT. 

E 

AIR-E6R 

% 

CHEVROLET 

350  - <)  BBL 

DUAL  CAT. 

1 

A500# 

AIR-EGR 

E 

CHEVROLET 

350  - H BBL 

DUAL  CAT. 

/o 

T 

A500# 

AIR-EGR 

E 

bASJ 


CITY 

HC 

CO 

NOx 

MPG 

% LOSS 

.19 

2.4 

.26 

17,6 

12.9 

1.3 

14.7 

1.8 

87 

88 

88 

.27 

1.7 

.15 

17.3 

14.4 

1.9 

11.5 

1.6 

8A 

85 

89 

.33 

1.9 

.39 

10.4 

23.5 

2.0 

19.4 

1.3 

83 

‘88 

73 

.33 

1.3 

,27 

9.9 

23.2 

2.8 

58 

1.0 

89 

98 

73 

.28 

2.5 

.32 

10.0 

22.5 

1.6 

69 

.9 

83 

97 

66 

Figure  10 
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FIGURE  11 


*78  FEDERAL  DEVELOPMENT  CAR 
EMISSION  STANDARDS  .41/3.4/.4 


Table  3 

Closed  Loop  - Dual  Converter  Durability 
1975  FTP  Emission  Data 

350  CID,  5000  Lb.  Inertia  Weight  . «75 

Fed.  Car 


Miles 

HC 

CO 

NOx 

MPG 

MPG 

0 

. .27 
(2.4) ! ; 

. .78 

. (28.3) 

.27 

(K2) 

11.9 

4.000 

54  

(2.6)  .... 

2.2 

(22.6) 

.60 

(l.I) 

12.5 

12.6 

8.000 

64  

(2.8)  .... 

3.3  

(26.1) 

.77 

(1.2) 

12.1 

12,000 

96  .... 

(3.0)  .... 

7.2 

(25.7)  

1.1 

(1.2) 

12.2 

( ) * nnginc  Out 


Ref,  - Genslak,  S.  L.,  Zahorchak,  J.  A, 
(General  Motors  Corporation) 

"Dual  Catalytic  Converters," 

SAE  Paper  No.  750176, 

February,  1975 
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Figure  12 


EFFECT  OF  EMISSION  STANDARDS  ON  FUEL' ECONOMY 


EMISSION  STANDARDS 

FUEL  ECONOMY 

DATA  SOURCE 

HC/CO/NOx 

75  FTP-URBAN 

1.5/15.0/3.1 

BASELINE 

75  FED.  CERT.  DATA  CARS 

.9/  9. 0/2.0 

-9% 

.75  CALIF.  CERT.  DATA  CARS 

.41/3.i|/2.0 

-m 

77  PRACTICE  FLEET 

.iH/9.0/1,5 

-20% 

77  CALIF.  DEV.  CARS 

.41/3.V 

-20%* 

78  FED.  DEV.  CARS 

* Assessment  may 

TECHNOLOGY  HAS 

NOT  BE  VALID  SINCE 
NOT  BEEN  DEVELOPED. 

VIABLE 
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FUEL  ECONOMY  COMPARISON 


1975  Federal  (1.5  HC; 

15  CO;  3. 

1 NOx)vs.  1975  California 

(0.9  HC;  9.0  CO; 

2.0  NOx) 

Fuel  Economy* 

- 

Percent 

Engine 

Federal 

California 

Difference 

Make 

Description 

City 

Highway 

City 

Highway 

City 

Highway 

Chevrolet 

140-2bbl 

20.8 

1 

29.8 

18.5 

28.3 

-11.0 

-5.0 

Chevrolet 

250-1 bb! 

15.8 

21.9 

15.1 

19.8 

-4,4 

-9.6 

Chevrolet 

350/400-4bbl 

12,5 

17.1 

11.5 

15,5 

-8.0 

-9.4 

Pontiac 

350/400-4bbl 

11.4 

16.8 

11.2 

15.3 

-1.8 

-8.9 

Pontiac 

455-4bbl 

11.2 

16.2 

10.0 

13.2 

-10.7 

-18,5 

Oldsmobile 

350-4bb| 

14.0 

18.7 

11.9 

16.8 

-15.0 

-10.2 

Oldsmobile 

455-4bbI 

12.1 

16.8 

10.8 

16.4 

-10.7 

-2.4 

Oldsmobile 

260-2bbI 

14.8 

19.6 

12.6 

16.4 

-14.9 

-16.3 

Buick 

231-2bbl 

17.3 

24.7 

15.2 

20.9 

-12.1 

-15.4 

Buick 

350-4bbl 

12.7 

17.5 

11.8 

16.3 

-7.1 

-6.9 

Buick 

455-4bbl 

n.i 

15.3 

9.9 

13.9 

-10.8 

-9.2 

Cadillac 

500-4bbl 

10.9 

14.3 

10.3 

13.3 

-5.5 

-7.0 

Average  of  Comparable  Cars 

13.2 

18.3 

12.0 

16.5 

-9.1 

-9.8 

55%  City  + 45%  Highway  15.1  13.7  ~9.3 


*lncludes  certificaHon  data  and  supplemental  fuel  economy  cars 

Refo  - General  Motors  Request  for  Suspension  of  1977  Federal  Emission  Standards, 
January  10,  1975 


FIGURE  13 


1977  PRACTICE  FLEET  - CATAIYTIC  CONVERTER  SYSTEMS 
EMISSION  STANDARDS  - .41/3.4/2.0 


Make/ 
Inertio  Wt. 

Engine 

Description 

No.  of 

Fuel  Economy  - ' 

*75  FTP  - Urban 

Percent 

Difference 

'77  Core 

'77  Proctice  Fleet  @ 5K 

'75  Fed,  Car  @ 4K* 

Chevrolet 
3000^  . 

140  - 2 bbl 
AIR  - EGR 

2 

19.3 

20.2 

- 4.5 

Chevrolet 

4000# 

250  <•  1 bbl 
AIR  - EGR 

2 

14.7 

15.8 

-7.0 

Chevrolet 

4500*' 

350  - 2 bbl 
AIR  - EGR 

2 

10.0 

13.3 

-22.6 

Chevrolet 

4500# 

400  - 4 bbl 
AIR  - EGR 

2 

10.8 

13.1 

-17.6 

Chevrolet 

4500# 

400-4  bbl 
Lean  Burn 

1 

11.5 

13.1 

-12.2 

Pontiac 

4000# 

350-4  bbl 
AIR  - EGR 

1 

12.0 

13.2 

- 9.1 

Pontiac 

4500# 

400  - 4 bbl 
AIR  - EGR 

1 

11.0 

13.0 

-15.4 

Oldsmobile 

4000# 

260  - 2 bbl 
CCS  - EGR 

2 

12.5 

14.8 

-15.6 

Oldsmobile 

4500# 

350  - 4 bbl 
CCS  - EGR 

3 

11.3 

14.6 

-22,6 

Buick  . 
4000# 

350  - 2 bbl 
CCS  - EGR 

1 

11.8 

13.6 

-13.2 

Buick 

4000# 

350  - 2 bbl 
AIR-EGR 

1 

12.5 

13.6 

-18.8 

fS** 

* Includes  certificaHon  data  and  supplemental  fuel  economy  cars. 
**  Only  8 of  18  can  were  below  standards  @ 30K  miles. 
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•77  CALIFORNIA  DEVELOPMENT  CARS  - CATALYTIC  CONVERTER  SYSTEM 


EMISSION  STANDARDS  - .41/9.0/1.5 
EMISSION  TARGETS  ' - .20/5.0/1.0 


Moke/ 

Engine 

'*  Best  Effort" 

Fuel  Economy  - 

'75  FTP  - Urban 

Percent 

Inertia  Wt. 

Description 

HC/CO/NOx 

'77  Dev.  Car 

'75  Cert.  Car 

Difference 

Chevrolet 

3000^ 

140  - 2 bbl 
AIR  - EGR 

<2^3.8/1.01 

15.4  ’ 

20.2 

, -23.8 

Chevrolet 

4500*? 

350  - 4 bb! 
AIR  - EGR 

.19/4.7/21) 

10.6 

12.9 

-17.8 

77-40 

Over  Target 


Figure  15 
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Figure  16 


CERTIFICATION  REQUIREMTS^ 
(Based  On  1975  Certification  Vehicles) 


HC 

ca 

NOx 

1975  Federal  Standards 

1.5 

15.0 

3.1 

Av..  Cert.  Car  3 

.5 

6.0 

2.2 

Percent  of  Standards 

A0% 

CD 

Proposed  Federal  Standards 

.A1 

3. A 

2.0 

Assume  1975 

Percent  . of  Standards 

3A% 

A0% 

70% 

Requirement  for  Av, 

Cert.  Car  3 AK 

.lA 

l.A 

l.A 

* Based  on  Chevrolet  & Buick  Data 
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Figure  17 


OTHER  JPL  ASSUMPTIONS 

. That  converters  allow  for  optimum  tuning  of  spark  and 
air/fuel  irrespective  of  the  level  of  HC  control  required. 

(3-4) 

. Improvement  in  HC/CO  control  through  improved  mixture 
distribution  — particularly  during  warm-up 

(3-5) 

. Attributes  advance  carburetors  (Dresser  - variable  venturi 
Ultrasonic  - EFI)  as  reducing  HC  and  CO  emissions  by  a 
factor  of  1,6  TO  2,0  (4500^  car  ,7-1.48/3.9  - 10,3/ 

1,8  - 2.7/  10.7  - 11,2) 

(3-8,  3-9) 

. Acknowledges  higher  HC  and  CO  in  feed  stream  to  a dual 
converter  due  to  rich  air/fuel  — solution  larger  volume 
of  catalyst  or  more  noble  metal. 

(3-12) 

. 3-way  catalyst  systems 

- Rapid  degress  is  being  made  on  durability  problem 

• (3-12)  . 

- Due  to  the  virtually  step  change  in  output  voltage  of 
the  O2  sensor  (900  MV)^  "setting  the  control  point 

a 500  MV  OR  less  eliminates  temperature  sensitivity," 

(3-12) 

. $40  COST  differential  between  systems  to  meet  .41/3.4/2.0 

AND  .41/3. 4/. 4 

(3-15) 

. Assumes  that  basic  Wankel  engine  fuel  economy  can  be  made 
EQUAL  TO  PISTON  ENGINE  0 ,41/3. 4/. 4 OR  2.0  EMISSION  LEVELS 
(by  resolution  OF  THE  ROTOR/HOUS I NG  SEAL  DIFFICULTIES). 

(3-16) 
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attachment  2 


DIESEL  AND  STRATIFIED  CHARGE  ENGINES 


Diesel  Engines 


JPL's  general  conclusion  on  diesel  engines  is  that  continued  development  is  not  warranted 
primarily  because:  (1)  the  diesel  offers  little  fuel  economy  advantage  over  a comparable 
gasoline  engine;  and  (2)  known  NOx  emission  reduction  techniques  cannot  meet  the 
o41/3.4/.4  standards  without  an  unacceptable  compromise  in  performance. 

This  second  item  is  a very  important  criterion  for  this  engine  since  existing  technology 
has  not  clearly  demonstrated  even  experimental  capability  of  achieving  the  .4  NOx 
standard.  Whether  this  NOx  standard  will  indeed  remain  os  a long  term  emission  require- 
ment is  certainly  of  question,  making  this  less  than  a solid  criterion  for  rejection  of  the 
diesel.  Because  this  ,4  NOx  standard  currently  exists,  there  has  been  relatively  little 
concentrated  development  effort  on  achieving  low  NOx  levels  from  the  diesel  — much 
more  is  required  to  determine  the  ultimate  capability  and  associated  trade-offs  of  the 
diesel  engine. 

Discussing  the  first  item  above,  it  is  based  on  energy  equivalent  fuels  and  performance 
equivalent  vehicles.  In  concept,  this  is  the  proper  method  to  compare  power  plants 
although  there  is  some  question  concerning  the  method  used  to  size  the  power  plants. 

This  would  have  some,  although  probably  little,  effect  on  the  diesel -gasoline  comparison. 

Fuel  economy  potential  of  the  diesel  is  of  prime  importance  in  its  evaluation.  JPL  claims 
a sales-weighted  19%  increase  in  urban  fuel  ecorromy,  and  a 5%  increase  on  the  highway. 
For  the  mature  diesel  as  compared  with  the  mature  Otto-cycle  engine  (page  4-33, 

Volume  II),  the  19%  fuel  economy  increase  appears  consistent  with  data  based  on  our 
current  vehicles  but  the  5%  highway  economy  appears  low.  Our  vehicle  data  show 
about  a 10%  highway  fuel  economy  gain,  but  these  evaluations  do  not  include  the 
mature  configuration  (turbo-charged,  EGR).  These  comparisons  are  made  at  current 
emission  levels,  making  it  difficult  to  project  the  fuel  economy  differential  between 
gasoline  and  diesel  engines  since  the  statutory  emission  requirements  (particularly  NOx) 
are  considerably  below  current  standards. 

An  additional  energy  savirjg  can  be  realized  at  the  refinery  if  a 50-50  gasoline/diesel 
fuel  split  (by  energy)  is  produced.  JPL  quotes  an  Exxon  report  (reference  17-35)  which 
states  that  a 2%  saving  in  total  refinery  input  energy  can  be  achieved  at  the  50-50  fuel 
split  point,  in  addition  to  savings  in  refinery  investment.  This  gain  in  refinery  efficiency 
can  be  added  to  the  gain  in  diesel  engine  fuel  economy  to  find  the  total  gain  in  miles 
driven  per  barrel  of  crude  oil  when  switching  to  the  50-50  split.  Other  reports- by  Mobil 
and  Texaco  have  shown  from  0 to  1%  gain  in  refinery  efficiency,  respectively.  The  JPL 
mature  diesel  data  from  Table  V of  the  JPL  Volume'l  Summary  is  shown  on  the  attached 
Figure  1,  along  with  the  20%  urban  gain.  The  range  of  these  data  show  a gain  in  miles 
driven  per  barrel  of  crude  oil  from  2,7%  (0%  refinery,  7%  diesel)  to  12%  (2%  refinery, 
20%  diesel). 
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This  potential  improvement  in  miles  driven  per  barrel  of  crude  oil.,  the  current  uncertainty 
in  the  long  term  emission  standards/'along  with  less  refinery  investment  costs,  make  the 
diesel  an  attractive  power  plant  in  an  area  between  all  gasoline  engines  and  some  other 
engines  such  as  the  turbine  or  Stirling;  This  is  based  on  the  ability  to  meet  emission 
and  other  requirements  in  that  time  frame. 

.Stratified  Charge  Engines 


JPL  has  concluded  that  the  open  chamber,  direct-injected  stratified  charge  engine  can 
achieve  the  statutory  emissio.n  standards,  and  has  better  fuel  economy  than  the  pre-chamber 
type  engines.  The  PROCO  engine  was  selected  as  being  the  most  highly-developed  engine 
of  this  type.  The  mature  configuration  which  appears  identical  to  the  current  configuration 
credited  with  a 12%  urban  and  a 3%  highway  fuel  economy  gain  over  the  conventional 
engine  (sales-weighted).  The  section  on  stratified  charge  appears  to  be  consistent  with 
current  data  except  for  the  advanced  configuration.  A ceramic  rotary  stratified  charge 
engine  is  proposed,  which  appears  to  be  a very  unlikely  engine. 

Several  areas  in  the  stratified  charge  section  have  direct  implications  to  the  Honda  CVCC 
system.  JPL  states  that  the  CVCC  system  achieves  fuel  economies  equivalent  to  the  1973- 
1974  levels.  This  is  not  unexpected,  they  state,  because  of  the  delayed  burning  which 
results  In  higher  exhaust  gas  temperatures,  but  poorer  fuel  economy  than  is  possible  with 
the  conventional  gasoline  engine. 

The  CVCC  engine  system  can  also  be  evaluated  using  the  calculated  results  of  Blumberg, 
as  shown  in  the  JPL  Report^  at  a lean  overall  a/f  ration  of  18.4  without  EGR.  Stratified 
charge  offers  no  reduction  of  NOx  emission,  while  there  is  a loss  in  fuel  economy  compared 
with  a homogeneous  engine.  These  results  agree  with  our  conclusions  on  stratified  charge 
vs.  homogeneous  engines.  The  Blumberg  calculations  do  indicate  that  stratified  charge  is 
most  effective  in  reducing  NOx  with  EGR  at  stoichiometry.  This  is  the  approach  used 
with  the  PROCO  engine.  The  NOx  control  achieved  with  stratified  charge  along  with 
loss  in  fuel  economy  can  also  be  achieved  with  spark  retard  of  the  homogeneous  engine, 
according  to  JPL. 
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DIESEL  FUEL  ECONOMY  ADVANTAGE  AND  REFINERY 
EFFICIENCY  GAIN  EFFECTS  ON  INCREASED  MILES 
DRIVEN  PER  BARREL  OF  CRUDE  OIL 


% GAIN 

M!LES/b8L  crude 


DIESEL  FUEL  ECONOMY  GAIN  - % 


NEW-  SITUATION 

50% -50%  GASOLINE-DIESEL 
FUEL  ENERGY  SPLIT 

REFINERY  SAVINGS  GO  TO 
DIESEL  FUEL 

MAINTAIN  NON-AUTOMOTIVE 
REQUIREMENT 

94%  REFINERY  EFFICIENCY 


BASE  CASE 

90%-10%  GASOLINE-DIESEL  FUEL 
ENERGY  SPLIT 

60%  REFINERY  OUTPUT  TO  AUTOMOTIVE 
FUEL 


-!GURE  1 
1-30 
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STIRLING  ENGINE  COMMENTS 


The  JPL  Report  on  the  above  study  is  a good  review  of  the  current  litera- 
ture on  Stirling,  and  other,  powerplants  which  JPL  chose  as  possible 
alternatives  to  present  production  automobile  powerplants.  It  is  valuable 
as  a source  list  for  current  literature  and  includes  new  information 
gleaned  from  JPL  "Fact-Finding  Visits"  that  otherwise  does  not  exist  in 
the  public  literature.  It  also  contains  a large  amount  of  similar  refer- 
ence material  on  subjects  peripheral  to  automotive  powerplant. 

A tajor  conclusion  of  the  study  is  that  an  extensive  research  and  develop- 
ment program  should  be  undertaken  to  ready  Stirling  and  Bray ton  engines 
for  broad  use  as  automotive  powerplants  in  the  1980 's.  With  respect  to 
the  Stirling  engine,  this  conclusion  is  based  upon  an  initial  finding  that 
the  developed  "Mature"  Stirling  engine  will  operate  consuming  only  68%  as 
much  fuel  as  a similarly  "Mature"  Otto  cycle  engine  and  that  the  Stirling 
engine  will  meet  statutory  emission  standards  of  0.41  HC/3.4  CO/0.4  NO^. 

With  the  specific  Stirling  fuel  consumptions  from  the  initial  findings  as 
major  predicates,  the  study  proceeds  to  draw  conclusions  and  make  recommen- 
dations with  respect  to  allowable  Stirling  vehicle  selling  prices,  customer 
break-even  and  ownership  costs  over  10-year  vehicle  lifetimes.  United  States 
petroleum  requirements  to  the  year  2000,  multimillion-do liar  Stirling 
research  and  development  programs  "which  the  (automotive)  industry  inself  - 
can  pay  for,"  and  a recommended  strategy  for  integrating  the  development, 
manufacturing,  and  introduction  of  the  alternative  powerplant  vehicles 
through  the  1980' s and  1990' s. 

Since  the  fuel  economy  findings  for  the  "Mature"  cars  are  major  founda- 
tions of  the  subsequently-developed  material,  JPL  checked  the  fuel  economy 
projections  of  "Present"  Otto  engine  vehicles  against  current  production 
vehicle  averages,  and  the  "Mature"  Otto  engine  vehicles  were  assigned 
modest  5%  improvements.  The  fuel  economy  projections  for  "Mature"  Stirling 
vehicles  were  assigned  12%  improvements  over  "Present"  Stirling  vehicles, 
and  the  "Present"  vehicle  fuel  economy  projections  are  not  given  in  the 
report.  There  is  no  present  Stirling  vehicle  test  data  against  which  the 
projections  could  have  been  checked.  The  report  thus  provides  reason  to 
believe  that  the  Otto  cycle  projections  may  he  accurate,  and  it  also  pro- 
vides reason  to  believe  that  the  Stirling  fuel  consumption  projections  con- 
tain appreciable  uncertainties.  ^ 

The  uncertainties  of  other  major  elements  of  the  JPL  projections  and  con- 
clusions are  discussed.  Some  of  these  uncertainties  are  errors  in  pro- 
jecting the  kinds  of  fuels  that  will  be  used  in  the  future,  errors  in 
projecting  fuel  prices,  errors  in  projecting  future  emission  standards, 
errors  in  projecting  changes  in  vehicle  use  patterns,  and  others.  The 
sensitivity  of  the  study  conclusions  to  possible  errors  in  the  projections 
of  vehicle  fuel  economies  was  not  evaluated. 
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In  many  respects  the  JPL  Report  appears  to  be  an  excellent  and  valuable  ' 
piece  of  work;  but  the  major  conclusions  that  have  strong  dependence  upon 
highly  uncertain  fuel  economy  projections  suggest  a pyramid  precariously 
perched  upon  its  apex. 

A more  objective  discussion  of  the  JPL  Stirling  fuel  economy  and  perform- 
ance data  follows . 


FUEL  ECONOMY  AND  PERFORMANCE 


The  conclusions  of  the  JPL  Automobile  Power  System  Stud}'  are  based  upon 
characteristics  attributed  to  "Mature"  versions  of  the  engines  which  were 
considered.  Tne  efficiency  of  the  Mature  baseline  Otto  cycle  engine  was 
considered  to  be  5%  better  than  Present  Otto  cycle  engines,  and  the  effi- 
ciences  for  the  Mature  Stirling  engine  were  increased  12%  over  those  pro- 
jected by  Philips  for  the  engine  currently  being  installed  in  the  Ford 
Torino  experimental  car.  JPL  conc3.udes  that  various  size  class  Mature 
Stirling  vehicles  will  perform  Highway  and  Urban  driving  cycle  tests  with 
fuel  consumptions  from  27%  to  35%  lower  than  those  of  comparable  Mature 
Otto  engine  vehicles.  If  the  5%  Otto  engine  improvement  and  the  12% 
Stirling  engine  improvement  were  eliminated,  the  27%  to  -35%  range  for  the 
Stirling-Otto  fuel  economy  comparisons  would  have  been  21%  to  30%.  It 
will  be  seen  that  the  differences  between  27/35  and  21/30  are  not  signifi- 
cant to  the  results,  so  the  Fuel  Economy  discussion  which  follows  simply 
compares  present  Otto  cycle  engine  performance  with  the  Stirling  engine 
projections. 

Data  from  Chapters  3 and  6 of  the  JPL  Report  were  compared  with  data 
generated  for  comparable  Stirling  and  Otto  cycle  vehicles  by  the  General 
Motors  General  Purpose  Simulation  computer  program  (GPSIM) . The  following 
conclusions  were  reached. 

1.  The  Stirling  and  Otto  engine  sizes  given  in  the  JPL 
Report  did  not  give  equivalent  0 to  60  mph  performances 
for  the  Small,  Compact,  and  Large  vehicles.  In  the  Small 
vehicles  both  the  Otto  and  Stirling  engines  were  - too 
small;  and  in  the  Compact  and  Large  vehicles  the  Stirling 
engines  were  too  small  and  the  Otto  engines  too  large. 

2.  In  order  to  have  equal  performing  cars  in  the  Compact 
and  Large  size  classes  where  V-8  Otto  engines  would  be 
used,  the  Stirling  and  Otto  engines  should  have  about 
equal  maximum  power  ratings.  In  the  Small  cars  where 
an  in-line  Otto  engine  might  be  used,  the  Otto  engine 
should  be  about  20%  larger  than  the  Stirling. 

3.  Changing  the  engine  sizes  to  give  equal  performing 
vehicles  alters  the  fuel  economy  projected  for  the  urban 
and  highway  EPA  test  cycles,  but  the  Stirling  still 
appears  to  retain  an  appreciable  advantage  in  fuel  economy 
over  the  Otto  engines.  Power-to-w’eight  ratios,  rear  axle 
ratios,  and  vehicle  weight  all  influence  the  fuel  economy 


1-32 


77-40 


comparison  somewhat;  but  the  principal  reason  for 
the  Stirling  advantage  is  that  the  Stirling  engine 
map  used  in  both  the  JPL  and  GPSIM  simulations  postu- 
lates higher  engine  efficiencies  than  do  the  engine 
maps  used  for  the  Otto  engines. 

4.  The  credibilities  of  the  JPL  and  GPSIM  projections  for 
the  Stirling  engine  vehicles  are  in  doubt,  because  of 
the  omission  of  known  transient  engine  effects  and, 
more  particularly,  because  these  programs  project  fuel 
consumptions  '21%  to  39%  lower  than  Ford/Philips  published 
projections . 

GPSIM  Simulation  Program 

This  vehicle  simulation  considers  most  of  the  definable  components  of  a 
vehicle  and  its  powerplant.  Engines  are  represented  by  performance 
tables  entered  into  the  program,  and  the  accessories,  transmissions,  drive 
lines,  rear  axles,  and  wheels  are  described  in  terms  of  efficiencies  and 
inertias.  Vehicle  road  load  is  represented  by  a typical  formula  based 
upon  the  vehicle  weight,  frontal  area,  and  drag  characteristics.  Given 
accurate  data,  GPSIM  has  demonstrated  the  ability  to  simulate  vehicle 
operation  accurately  when  compared  with  carefully  controlled  road  tests. 

For  the  purposes  of  evaluating  the  JPL  Report  findings,  studies  were  made 
of  the  Small,  Compact,  and  Large  Stirling  and  Otto-engined  vehicles.  The 
Small  and  Compact  cars  were  represented  by  Vega-sized  vehicles  with 
typical  Vega  road  load,  torque  converter,  and  driveline  characteristics ■ 
The  Large  vehicles  were  represented  by  Impala  characteristics . For  the 
Small  vehicle  Otto  engine,  the  performance  map  of  the  1975  Vega,  140  CID 
engine  with  a two-barrel  carburetor  was  scaled  to  a displacement  that 
would  give  the  desired  maximum  horsepower.  Similarly  the  1975  350  CID, 
two-barrel  Chevrolet  engine  was  scaled  for  the  Compact  cars;  and  the  1975, 
500  CID,  four-barrel,  Cadillac  engine  was  scaled  for  the  Large  cars. 
Allowances  were  made  for  the  usual -engine  accessories.  The  Stirling  map 
given  as  Figure  6-13  and  Figure  10-4  of  the  JPL  Report  was  scaled  for  all 
of  the  Stirling  cars.  Since  Philips  has  stated  that  engine  accessories 
were  included  in  this  map,  no  additional  allowances  were  made  for  Stirling 
engine  accessories. 

As  in  the  JPL  study,  three-speed  automatic  transmissions  were  used  for  all 
vehicles,  The  gear  ratios  were  1.00,  1.52,  and  2.52.  In  the  initial 
evaluation  of  the  JPL  cars  rear  axle  ratios  giving  N/V  (Engine  rpm/ 

Vehicle  mph)  ratios  from  20  to  60  were  examined;  but  changes  resulting 
from  different  rear  axle  ratios  do  not  influence  the  overall  findings  of 
this  study,  so  the  data  presented  here  are  only  for  rear  axle  ratios  near 
3.0  to  be  comparable  with  the  ratios  used,  by  JPL. 

The  vehicle  maneuvers  of  interest,  a zero  to  60  mph  maximum  power  accelera 
tion,  the  EPA  Urban  test  cycle,  and  the  EPA  Highway  cycle,  were  simulated 
as  though  the  vehicle  were  running  on  the  road;  and  the  data  given  here 
for  the  EPA  Urban  cycle  are  for  a hot  start  test.  No  effort  was  made  to 
simulate  the  cold  start  condition. 
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In  the  zero  to  60  mph  acceleration  maneuver  the  program  selected  trans-  ■ 
mission  gear  ratios  that  gave  maximum  engine  power;  but  in  the  EPA  Urban 
and  Highway  tests,  the  program  selected  the  transmission  ratios  that 
gave  the  maximum  engine  efficiency. 

Study  Results 

The  significant  data  from  the  study  are  given  in  Table  1.  Columns  1 
through  5 contain  data  from  the  JPL  Report  for  the  Mature  Stirling  and 
Otto-cycle  vehicles . Columns  6 through  10  contain  the  results  of  the 
GPSIM  simulation  of  the  JPL  vehicles.  Columns  11  through  14  contain  the 
data  for  the  JPL  vehicles  with  the  engine  maximum  power  ratings  changed 
so  that  the  vehicles  gave  the  0 to  60  mpg  performance  postulated  by  ^L. 

The  vehicle  weights  were  not  changed  through  all  of  these  simulations 
and  remained  at  the  JPL  test  weights  of  300  pounds  plus  the  curb  weight . 

Comparing  Columns  8 and  3 shows  that  the  GPSIM  simulation  did  not  verify 
the  performance  projected  by  JPL  for  the  six  vehicles.  Comparing  Columns  9 
and  4 shows  that  the  GPSIM  Urban  fuel  economies  were  generally  within 
two  mpg  of  the  JPL  projections,  but  that  the  GPSIM  Stirling  economies  were 
always  better  than  JPL  Stirling  and  the  GPSIM  Otto  were  always  poorer  than 
JPL  Otto.  Comparison  of  Columns  10  and  5 shows  that  the  GPSIM  Highway 
fuel  economies  were  poorer  than  the  JPL  projections  with  rather  large 
differences  from  4 to  nearly  10  miles  per  gallon. 

In  the  last  four  columns,  the  GPSIM  engine  maximum  power  outputs  have 
been  adjusted  in  an  effort  to  give  actual  performance  equal  to  those 
postulated  by  JPL  in  Column  3.  Inspection  of  Column  12  indicates  that 
this  was  achieved  reasonably  well;  and  comparison  of  Column  11  with 
Column  2 shows  that  the  Small  car  needed  larger  Otto  and  Stirling  engines 
than  those  given  by  JPL;  and  that  the  Compact  and  Large  Stirling  engines 
of  JPL  were  too  small  and  that  the  corresponding  Otto  engines  were  too 
large. 

The  economy  effects  of  making  the  vehicles  equal  performers  can  be  seen 
by  comparing  Columns  9 and  10  with  Columns  13  and  14,  respectively.  In 
order  to  make  equal  performance,  it  was  necessary  to  increase  the  power 
output  of  the  Stirling  engines  in  each  case  and  this  resulted  in  a loss  of 
both  urban  and  highway  fuel  economy  amounting  to  0.2  to  0.7  miles  per 
gallon.  To  achieve  equal  performance,  the  Otto  engine  for  the  Small  car 
was  increased  in  output  with  losses  of  1.5  and  1.3  miles  per  gallon  on  the 
Urban  and  Highway  cycles,  respectively.  For  the  Compact  and  Large  cars, 
the  Otto  engines  were  reduced  in  maximum  power  with  resulting  increases 
in  the  miles  per  gallon  ranging  from  1.2  to  2.3  miles  per  gallon. 

The  matter  of  most  interest  is  the  relative  fuel  consumption  of  the 
Stirling  and  Otto-engine  vehicles,  and  ratios  of  these  values  are  given  in 
rows  D,  E,  and  F of  the  table.  Columns  4 and  5 in  rows  D,  E,  and  F show 
that  the  JPL  Report  projects  Stirling  vehicle  consumptions  from  65%  to 
83%  of  the  Otto  vehicle  consumptions.  In  the  same  rows,  but  Columns  13 
and  14,  it  is  seen  that  the  equal  performing  vehicles  give  somewhat  more 
consistent  ratios,  but  with  the  Stirling  consumption  still  only  60%  to 
82%  that  of  the  Otto  vehicles. 
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Table  1 


JPL  Report  GHR  GPS IM’ Simulat lori 

Mature  Engines JPL  Power Corrected  Power 


Test 

Weight 

Max 

Lb 

Me_ 

1 

2 

^ Sma 11  Stirling 

2^1^10 

57 

Small  Otto 

2^)00 

70 

g Compact  Stirling 

3350 

99 

Compact  Otto 

3^00 

125 

Large  Stirling 

5120 

177 

Large  Otto 

5300 

230 

0-60 

Time 

Sec 

3 

Urb 

F.E. 

T- 

Hwy 

F.E. 

mpg 

5 

N/V 

X 

Max 

he_ 

7 

0-60 

Time 

Sec 

"8“ 

17 

33.9 

^7.2 

55 

21.2 

17 

25.8 

39.0 

^3 

70 

19.2 

13-5 

26.3 

37.0 

^«3 

95 

14.2 

13.5 

18.3 

27.3 

43 

124 

11.1 

10.5 

17.2 

25.8 

4o 

170 

11.4 

10.5 

11.2 

16.8 

4o 

229 

8.6 

Urb 

Hwy 

0-60 

Urb 

Hwy 

F.E. 

F.E. 

Max 

Time 

F.E. 

F.E. 

mpg 

mpg 

iiE_ 

Sec 

mpg 

mpg 

9 

10 

1 1 

12 

13 

R 

35.8 

37.4, 

67 

16.0* 

35.4 

36.7 

24.8 

31.3 

82 

15.1 

23.3 

30.0 

27-9 

30.8 

loo 

13-5 

27-7 

30.4 

14.8 

18,2 

102 

14.0 

16.7 

20.5 

17.9 

21  .6 

182 

10.5 

17.7 

21.2 

9.7 

12.6 

188 

10.6 

10.9 

14.0 

D Small  „?"?  ""=3 

Stl rl ing  mpg 

0.76 

0,83 

0.69 

0.83 

0.66 

0.82 

E Compact  . ""’3 

^ Stirling  mpg 

0.69 

0.74 

0.53 

0.59 

0.60 

0.67 

F Largo  -■  . - 

’ Stl r ling  mpg 

0.65 

0.65 

0.54 

0.58 

0.61 

0.66 

g Small  Stirling 
Small  Otto 

29.8^ 

20.9^ 

28.7^ 

24.6% 

^ Compact  Stl rl Ing 
Compact  Otto 

28.6^ 

17.5^ 

27.0% 

19.3^ 

j Large  Stirling 
Large  Otto 

29. U 
17.0^ 

27.71 

18.6% 
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The  final  data  in  rows  G,  H,  and  I identify  the  basic  reason  for  the 
Stirling  fuel  economies  appearing  better  than  the  Otto.  The  data  in 
Columns  13  and  14  of  rows,  G,  H,  and  I are  the  effective  overall  effi- 
ciencies of  the  engines  in  the  respective  vehicles  during  the  urban. and 
highway  simulations.  It  is  seen  that  the  Stirling  engine  was  considered 
to  have  been  operating  at  a higher  efficiency  than  the  Otto  in  each 
instance.  Thus,  the  better  fuel  economies  that  this  study  and  the  JPL 
study  show  for  the  Stirling  are  principally  the  result  of  postulating 
a higher  efficiency  for  the  Stirling  engine  in  the  performance  maps  that 
were  used  as  bases  of  the  simulations. 

Credibility  - Engine  Size 

The  JPL  Report  explained  the  use  of  smaller  engines  in  the  Stirling 
vehicles  by  saying  that  the  Stirling  engine  had  a "fatter”  speed-power 
curve  when  "Per  Cent  Power"  was  plotted  against  "Per  Cent  Speed.” 

Figure  10-1  of  the  JPL  Report  gives  data  pertaining  to  this  observation, 
and  Table  2 below  shows  the  comparison  between  the  Stirling  and  Otto 
engines  provided  by  the  respective  curves  of  the  JPL  figure. 


Table  2 

(After  Figure  10-1;  JPL  Report) 


Per  Cent 
Speed 

Otto  Engine 
Per  Cent  Power 

Stirling  Engine 
Per  Cent  Power 

Stirling  % Power 
Otto  % Power 

20 

22.6 

30.8 

1.36 

40 

52.7 

63.0 

1.20 

60 

80.5 

86.3 

1.07 

80 

97.3 

98.6 

1.01 

100 

100.0 

100.0 

1.00 

In  a maximum  power  acceleration  like  the  0 to  60  H5>h  maneuver,  the  engines 
are  operating  near  the  top  end  of  the  power-speed  curves  most  of  the  time. 
For  example,  with  the  GPSIM  cars  that  had  engines  sized  to  perform  that 
maneuver  in  the  times  specified  by  JPL  (Columns  11  to  14,  Table  1),  all 
except  the  Small  car  Otto  engine  were  above  75%  power  after  the  first 
second.  The- Small  Otto  had  reached  nearly  50%  power  at  the  one  second 
time  interval  and  both  the  Compact  Stirling  and  Compact  Otto  had  reached 
85%  power  in  this  time.  Thus  well  over  90%  of  the  time  in  the  maneuver 
was  spent  at  speeds  where  the  engines  produced  more  than  80%  of  their 
maximum  power. 

Returning  now  to  Table  2 and  the  JPL  observation  that  this  Stirling 
power-speed  characteristic  allows  the  use  of  a smaller  Stirling  engine. 

The  JPL  data  show  that  their  Stirling  and  Otto  engines  perform  at  nearly 
identical  portions  of  their  full  power  capabilities  at  all  points  above 
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about  70%  power.  Thus  in  the  regime  of  engine  operation  in  the  perform- 
ance maneuver,  the  JPL  data  show  the  Stirling  and  Otto  engines, to  have 
nearly  equal  characteristics.  These  JPL  data  thus  do  not  support  the  JPL 
contention  that  smaller  Stirlings  can  give  performance  equal  to  the  Otto ‘ 
engines . 

With  the  engines  used  in  the  GPSIM  simulation,  the  500  CID  Otto  engine 
and  the  Stirling  engine  have  the  same  full  load  power-speed  characteristic 
up  to  about  80%  power  after  which  the  Otto  rises  above  the  Stirling  until 
the  Otto  peaks  at  about  75%  of  maximum  speed.  The  350  CID  Otto  engine  is 
about  10%  below  the  Stirling  power-speed  curve  until  they  become  equal  near 
75%  power  with  the  Otto  then  rising  above  the  Stirling  to  peak  at  about  80% 
of  maximum  speed.  The  small  140  CID  Otto  engine  is  about  20%  below  the 
Stirling  up  to  about  70%  speed,  and  the  curves  converge  with  full  power 
for  both  engines  at  full  speed.  These  engine  characteristics  are  clearly 
reflected  in  the  engine  sizes  shown  for  equal  performance  in  Table  1, 

Column  11. 

In  this  context  of  comparative  engine  sizes  between  the  Stirling  and  Otto, 
it  is  also  interesting  to  note  that  the  Ford/Philips  experimental  program 
has  replaced  a 161  horsepower  Otto  engine  with  a nearly  equal  170  horse- 
power Stirling  engine  to  obtain  equal  performance  in  approximately  equal 
weight  vehicles  (JPL  Reference  6-6) . This  relationship  of  equal  maximum 
power  ratings  for  equal  performance  from  Stirling  and  Otto  cycle  V-8's 
also  tends  to  agree  with  the  GPSIM  conclusions  for  the  equal  performing- 
Large  and  Compact  cars. 

Credibility  - Fuel  Economy  . 

Upon  first  examination  the  credibility  of  the  JPL  conclusions  about  the 
superior  fuel  economy  of  Stirling  vehicles  in  comparison  with  Otto  vehicles 
was  suspect,  because  JPL  provided  much  lower  power-to-welght  ratios  for  the 
Stirling  vehicles  than  for  the  Otto  vehicles  while  postulating  equivalent 
performance.  The  discussions  given  above  show  that  GMR  would  prefer  to 
tend  toward  the  evident  Ford/Philips  conclusion  that  approximately  ’’equipo- 
tent"  engines  are  needed  in  similar  sized  vehicles  for  equal  performance. 

The  original  conclusions  of  the  JPL  Report  and  of  the  GMR  GPSIM  study  both 
show  substantial  fuel  economy  advantages  for  the  Stirling.  This  is  a direct 
consequence  of  the  fact  that  both  studies  were  based  upon  the  same  postu- 
lated performance  for  the  Stirling  engine.  However,  the  Stirling  advantages 
appear  so  large  that  they  transcend  smaller  effects  like  power-to-weight 
ratios,  transmission  shift  points,  and  other  inadequacies  in  the  use  of 
simulations  for  estimating  vehicle  fuel  economies . The  main  item  influenc- 
ing the  credibility  of  the  findings  is  whether  or  not  the  steady  state 
Stirling  performance  map  can  be  used  in  the  manner  of  the  "VEEP"  or  GPSIM 
simulations  to  estimate  transient  performance  in  the  environment  of  the 
vehicle. 

Ford  and  Philips  have,  in  effect,  undertaken  to  make  an  assessment  of  this 
matter  by  constructing  a Stirling  vehicle  for  test  purposes,  and  the 
definitive  answer  will  not  be  known  until  a properly-built  vehicle  has 
been  tested.  However,  there  are  some  matters  which  bear  consideration  in 
the  meantime. 
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While  it  is  presented  as  an  analytical  projection,  and  not  as  test  data, 
the  Philips  performance  map  is  probably  an  acceptably  close  approximation 
of  how  the  Stirling  engine  with  its  accessories  would  operate  at  steady 
state  and  at  the  temperature  conditions  for  which  the  map  was  drawn. 

The  most  serious  deficiency  of  the  GPSIM  and  VEEP  vehicle  simulations  is 
that  the  engine  cooling  system  is  not  considered.  The  Philips  performance 
map  was  made  for  an  ambient  temperature  of  100*F  (JPL  Reference  6-40) , and 
some  temperature  difference  was  probably  allowed  between  the  engine  cooling 
water  and  the  ainbient  to  provide  for  operation  of  a radiator  system.  How- 
ever, Stirling  engines  reject  about  twice  as  much  heat  to  the  cooling  water 
as  do  Otto  engines  and  a passenger  car  would  be  severely  cramped  for  space 
in  which  to  install  the  larger  capacity  cooling  system  required  by  this 
added  heat  rejection.  Otto  cycle  engines  in  vehicles  typically  operate 
with  the  radiator  coolant  more  than  lOO^F  above  the  ambient,  and  the 
radiator  space  available  is  matched  to  the  Otto  cooling  load  with  these 
high  water  temperatures.  If  the  cooling  water  temperature  of  the  Stirling 
engine  were  increased  100 ®F  above  that  for  which  the  performance  map  was 
drawn  the  efficiency  advantage  of  the  Stirling  (rows  G,  H,  I of  Table  1) 
would  be  nearly  halved. 

Another  transient  phenomenon  which  should  be  considered  in  the  simulation 
is  the  operation  of  the  Stirling  controls . The  pressure  level  control  to 
regulate  power  is  probably  the  most  important  of  these.  As  stated  in 
the  JPL  Report  the  mass  of  working  gas  in  the  engine  must  be  changed  to 
effect  a steady  state  change  of  power.  It  has  been  demonstrated  that  power 
changes  can  be  effected  rapidly  enough  to  give  rapid  response  of  the  engine 
torque,  but  pumping  of  the  gas  during  transients  requires  some  engine  power. 
This  pumping  power  is  expected  to  have  less  than  a 5%  effect  on  fuel  con- 
sumption on  the  Urban  driving  cycle;  but  an  accurate  simulation  should 
include  consideration  of  this  pressure  control  system. 

The  fuel  and  temperature  controls  can  likewise  introduce  distortions  dur- 
ing transients  that  will  make  the  engine  perform  differently  than  it  does 
in  steady  state  conditions.  Because  of  the  relatively  high  heat  capacity 
of  the  combustion  system  and  the  heater  assembly,  these  effects  are  smoothed 
for  short  transients;  but  the  requirements  for  combustion  blower  power  and 
the  effects  of  heater  temperatures  which  vary  from  those  of  the  steady  state 
performance  map  should  be  considered.  A lOO^F  drop  in  heater  temperature 
would  reduce  the  efficiency  advantage  of  Table  1 by  about  25%. 

It  is  conceivable,  indeed  probable,  that  Philips  has  simulated  the  operation 
of  their  engine  in  a vehicle  giving  consideration  to  the  above  effects  as 
well  as  to  others  which  may  require  attention.  On  the  supposition  that  a 
Philips  vehicle  simulation  would  be  more  accurate  than  the  GPSIM  or  the 
JPL  VEEP  simulation,  some  fuel  economies  were  projected  with  GPSIM  for 
a vehicle  like  the  Ford  Torino  for  which  Philips  have  published  projected 
performance  and  fuel  economy  figures  (JPL  Reference  6-6) . The  performance 
and  fuel  economy  results  are  given  in  Table  3. 
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Table  3 

GMR  GPSIM  Ford/Philips 

Test  Weight 
0-60  mph,  seconds 
Urban  Test,,  mpg 
Highway  Test,  mpg 


4841 

4541 

11.4 

11.1 

18.7 

11.4 

22.7 

17.9 

While  the  vehicle  weights  are  slightly  different,  it  is  seen  that  the 
performance  predictions  agree  very  well.  However,  the  fuel  economy 
data  give  little  support  to  the  credibility  of  the  GPSIM  simulation 
which,  it  should  be  recalled,  gives  results  similar  to  those  of  the  JPL 
"VEEP"  simulation. 
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ATTACHMENT  4 


GAS  TURBINE  ENGINE  COMMENTS 


The  recorranendations  of  the  JPL  report  that  the  development  effort  on 
Brayton  cycle  powerplants  be  increased  greatly  is  based  on  the  lower 
fuel  consumption  projected  for  the  mature  Brayton  powered  vehicles 
compared  to  the  mature  Otto  engined  vehicles. 

The  projected  fuel  consumption  of  the  mature  Brayton-engined  vehicles 
depends  on  projected  component  efficiencies,  the  proposed  engine  opera- 
tional modes,  and  advantageous  speed  + power  characteristics  of  the 
engines  which  result  in  lower  power  tq  weight  ratios  for  the  same 
vehicle  performance. 

The  projected  efficiencies  are  higher  than  those  measured  on  com- 
ponent test  rigs  today  but  they  represent  target  efficiencies  that  we 
believe  to  be  attainable  with  diligent  effort.  The  effectiveness  of  the 
regenerator  for/the  mature  engine  is  attainable,  based  on  demonstrated 
ceramic  (Cercor^^O  matrix  data  but  GM  computations  indicate  the  size  of 
the  component  would  be  at  least  50%  larger  than  indicated  in  the  «3PL 
analysis.  Furthermore,  it  has  been  our  experience  that  the  theoretical 
increase  in  effectiveness  at  part  load  is  not  fully  attained  in  practice. 
Continued  material  development  is  required  to  attain  the  necessary 
thermal  and  chemical  stability  of  this  component.  The  GM  gas-turbine 
design-point  cycle- analysis  program,  using  the  mature-engine  component 
efficiencies  and  losses  confirms  the  design  point  thermal  efficiency 
indicated  in  Figure  5-5  of  the  JPL  Report. 

Both  the  engine  performance  and  the  operating  modes  of  the  JPL  Brayton 
engines  are  based  on  earlier  work  by  Ai Research  (1).  The  operating  mode 
for  the  mature  free-turbine  engine  results  in  a very  flat  curve  of 
minimum  bsfc  vs.  power  which  can  be  deduced  from  Fig.  5-5,  At  15%  of 
design  point  power  the  bsfc  .is  only  higher  than  at  design  point. 

This  characteristic  is  much  flatter  than  that  of  current  GM  turbine 
engine  designs.  There  are  three  separate  but  compatible  operating  modes 
for  achieving  these  results.  At  high  power  levels  (100%  to  80%  power) 
the  engine  is  operated  as  a fixed  geometry  engine,  i.e.,  gasifier  speed 
determines  power  level  and  turbine- inlet  temperature  decreases  with 
power  and  gasifier  speed.  In  the  mid-power  range  (80%  to  35%  power)  the 
variable  power  turbine  nozzles  are  used  to  maintain  constant  turbine- 
inlet  temperature  and  power  decreases  as  gasifier  speed  is  decreased. 

In  the  low  power  range  (35%  to  idle  power)  the  gasifier  speed  is  held 
constant  at  about  73%  speed  and  engine  airflow  and  output  power  are 
controlled  by  variable  compressor  inlet  guide  vanes  (VIGV).  The  engine  - 
flow  with  the  VIGV  set  to  their  minimum  flow  position  is  reduced  50% 
compared  to  the  flow  with  zero  guide-vane  effect.  In  this  third  mode  • 
of  operation,  thermal  efficiency  is  sacrificed  in  order  to  reduce  the 
engine  response  time.  Because  of  its  excellent  torque/speed  charac- 
teristics, the  free-shaft  turbine  can  use  a 3-speed  automatic  transmission. 

The  operating  mode  of  the  single  shaft  gas  turbine  also  comprises  three 
phases.  Both  engine  speed  and  turbine  inlet  temperature  are  reduced  as 
power  is  reduced  from  100%  (used  for  acceleration)  to  75%.  From  75%  to 
about  10%  power,  turbine  inlet  temperature  is  held  constant,  as  is  VIGV 
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setting  as  engine  speed  is  reduced  to  55%  of  design.  From  10%  to  idle 
power,  speed  is  held  constant  and  the  engine  airflow  is  reduced  by  means 
of  tiie  VI6V.  Idle  fuel  flow  is  projected  to  approach  6 to  1%  of  max 
fuel  flow.  Because  of  its  unique  torque  speed  characteristics  the 
single-shaft  engine  requires  a continuously  variable  transmission. 

While  a variable-stator'  type  is  recommended  for  control  purposes,  the 
efficiency  characteristics  of  a hydromechanical,  type  were  used  for  the 
JPL  analysis  of  the  single-shaft  turbine. 

The  GM  gas-turbine  part-load  cycle-analysis  program  was  run  with  com- 
ponent performance  suggested  by  AiResearch  (1)  and  the  minimum  bsfc  vs.- 
hp  charateristic  was  calculated  for  the  free-turbine  engine.  The  results 
of  these  calculations  appear  in  Figure  1 and  are  compared  with  those 
inferred  from  Figs.  5-4  and  5-5  of  the  JPL  report.  The  GM  part-load 
computation  shows  approximately  10%  higher  bsfc  than  the  mature  JPL 
free-turbine  engine  with  inlet  guide  vanes.  The  variation  of ' compressor 
characteristics  with  inlet  guide  vane  setting  that  we  assumed  reduces 
power  and  raises  bsfc  more  at  the  low  power  end  than  JPL  indicates. 
Internal  tests  of  inlet  guide  vanes  on  a GM  compressor  indicate  that 
these  effects  should  be  even  more  deleterious  than  we  assumed  for  this 
calculation.  Our  experience  indicates  that  bsfc  levels  predicted  by 
part-load  cycle  analyses  are  not  fully  achieved  in  hardware,  especially 
at  very  low  power. 

The  part- load  fuel  consumption  projected  for  the  upgraded  Chrysler 
engine  (2)  being  developed  under  ERDA  contract  is  20%  higher  than  that 
projected  by  JPL.  The  upgraded  Chrysler-designed  engine  incorporates 
advanced  compressors  and  turbines  developed  with  NASA  assistance,  as 
well  as  inlet  guide-vane  flow  control. 

The  power  to  weight  ratio  required  to  attain  the  performance  targets  of 
440  feet  in  10  seconds  and  0 to  60  miles  per  hour  in  13.5  seconds  with 
the  AiResearch  single-shaft  engine  has  been  analyzed  by  several  investi- 
gators. Bowlin  of  Mechanical  Technology  Incorporated  (3)  showed  that 
with  a continuously  variable  transmission  (CVT)  of  the  hydromechanical 
type,  a power  to  weight  ratio  (hp/100  Ibm)  of  3.5  would  provide  the 
desired  performance  in  a 4200  Ibm  curb  weight  vehicle.  Fuel  economy  on 
the  urban  Federal  Driving  Cycle  (FDC)  was  14.5  mpg  with  air  conditioning. 
Cordner  and  Grim  (4)  investigated  both  hydromechanical  and  traction  type 
CVTs  for  the  same  engine  and  the  same  size  vehicle.  They  found  that  a 
power  to  weight  ratio  of  3.5  with  the  hydromechanical  transmission  would 
meet  the  performance  targets  and  provide  a FDC  fuel  economy  of  12.9  mpg. 

A power  to  weight  ratio  of  3.7  was  required  with  the  traction  drive  CVT 
which  resulted  in  a FDC  fuel  economy  of  12.0  mpg.  The  JPL  report  pro- 
poses that  a power  to  weight  ratio  of  3.6  in  a large  (4220  Ibm)  car 
would  exceed  the  EPA  performance  spec  for  distance  in  10  seconds  (440  ft) 
by  60  ft  and  would  provide  FDC  fuel  economy  of  15.8  mpg.  In  the  studies 
by  Bov;lin  (3)  and  Cordner  and  Grim  (4)  the  effect  of  engine  inertia  was 
taken  into  consideration.  The  significant  performance  increase  of  the 
large  vehicle  would  indicate  that  the' inertia  effect  was  not  fully 
considered  in  the  JPL  analysis. 
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The  power-to-weight  ratios  suggested  by  JPL  in  table  5-10  (Vol.  II)  are 
below  the  ranges  calculated  by  GMR  for  free-turbine  engines  having  a 
response  time  of  0.85  second  needed  to  meet  the  ten-second  distance 
requirement.  GM  experience  with  free-turbine  engined  vehicles  has 
indicated  that  they  require  the  same  power-to-weight  ratio  as  conven- 
tionally powered  vehicles  for  the  same  performance.  In  addition,  GMR 
calculations  indicate  that  single-shaft  engines  starting  from  50%  idle 
v/ould  require  higher  installed  power  than  a free-turbine  engine  to 
provide  performance  matching  that  of  conventional  vehicles  (5). 

In  summary,  we  believe  that  the  JPL  mature-engine  design-point  effi- 
ciencies may  be  attainable  but  the  predicted  engine  part-load  effi- 
ciencies are  optimistic  by  over  10%.  Approaching  these  efficiencies 
will  require  diligent  efforts  to  improve  component  efficiencies  to  the 
projected  values.  The  gas  turbine  vehicle  fuel  economies  projected  by 
JPL  are  optimistic  because  of  optimistic  part  load  bsfc  and  low  power  to 
weight  ratios  predicted  for  meeting  the  performance  targets.  Other 
investigators  have  projected  fuel  economy  figures  for  both  single  and 
free-shaft  turbine  powered  vehicles  with  less  performance  that  were  as. 
much  as  20%  poorer  than  the  JPL  projected  mature  Brayton  vehicles. 


(1)  "Automotive  Gas  Turbine  Optimization  Study",  AiResearch  Manufacturing 
Company  of  Arizona,  EPA  Report  AT-6100-R7,  1972. 

(2)  Schmid,  F.  W. , and  Wagner,  C.  E.,  "Tenth  Quarterly  Progress  Report, 
Baseline  Gasjfurbine  Development  Program,  Contract  No.  68-01-0459", 
April  30,' 1975. 

(3)  Bowlin,  R.  C, , "Transmission  for  Advanced  Automotive  Single-Shaft  Gas 
Turbine  and  Turbo-Ranki ne  Engine",  USEPA  Report  APTD-1517,  1973. 

(4)  Cordner,  M.  A.,  and  Grim,  D.  H. , "Transmission  Study  for  Turbine  and 
Rankine  Cycle  Engines",  USEPA  Report  APTD-1558,  1972. 

(5)  Liddle,  S.  G. , Sheridan,  D.  C.,  and  Amann,  C.  A.,  "Acceleration  of  a 
Passenger  Car  Powered  by  a Fixed-Geometry  Single-Shaft  Gas  Turbine 
Engine,"  SAE  Paper  No.  720758,  September  11-14,  1972. 
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ATTACHMENT  5 


TRANSMISSION  SELECTION  COMMENTS 


An  Important  feature  which  analysis  has  shown  to  benefit  the  fuel 
economy  of  the  mature  Uniform  Charge  (UC)  Otto  engine  baseline  vehicle 
was  not  considered  in  the  fuel  economy'  comparison  with  Otto  Engine 
Equivalent  Vehicles  of  the  OPL  report.  Beachley  and  Frank*  of  the 
University  of  Wisconsin  investigated  the  effect  of  a toroidal  (traction- 
drive)  transmission  on  vehicle  performance  and  economy.  They  found  that 
the  engine' size  for  a specific  performance  objective  (time  and  distance 
for  a 50  to  70  mph  accel)  could  be  reduced  11  to  20%.  In  addition,  fuel 
economy  on  the  Federal  Driving  Cycle  increased  18%  to  28%  for  the  two 
cars  considered. 

Beachley  and  Frank  point  out  that  these  projections  must  be  used  with 
caution  since  the  benefits  may  not  be  fully  realized  in  practice.- 
However,  since  the  OPL  study  recommendations  are  based  on  computer 
modeled  engines  and  transmissions,  the  application  of  a computer  modeled 
transmission  on  the  mature  Uniform-Charge  Otto  engined  vehicle  (base- 
line) seems  justifiable. 

The  OPL  investigators  did  consider  the  work  of  Beachley  and  Frank  (OPL 
reference  10-29).  In  section  VIB  of  the  Summary  (Volume  I),  the  CV 
transmission  is  proposed  as  a "longer  term"  (probably  producible  by 
1985)  vehicle  improvement.  They  project  improved  composite  fuel  con- 
sumption of  10  to  15%  (increasing  with  car  size).  However,  the  baseline 
vehicle  used  for^the  fuel  economy  comparison  of  Section  VIIB  of  the  JPL 
Summary  (Fig.  13  and  Table  5)  does  not  have  the  benefit  of  the  CVT.  If 
the  JPL  estimates  of  fuel  economy  improvement  with  a CVT  (which  are  more 
conservative  than  -those  projected  by  Beachley  and  Frank)  were  applied  to 
the  UC  Otto  (baseline)  vehicles,  the  fuel  economy  advantage  of  the  free- 
turbine  Brayton  would  disappear  and  the  advantage  of  the  single-shaft 
Brayton  would  be  reduced  to  a level  where  the  accuracy  of  the  computed 
turbine  economy  could  not  justify  claiming  a significant  advantage. 


* Beachley,  N.  H. , and  Frank,  A.  A.,  "Increased  Fuel  Economy  in  Trans 
portation  Systems  by  Use  o-f  Energy  Management.  Volume  I - General 
Results  and  Discussion,"  Report  DOT-TST-75-2,  1974. 
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ATTACHMENT  6 


FINANCIAL  ESTIMATES 


Ability  to  develop  detailed  comments  on  the  financial  information  contained  in  the 
JPL  Report  is  somewhat  limited  due  to  lack  of  specific  definition  of  many  of  the 
assumptions  and  application  of  methodology  within  the  report.  Extensive  time  would 
be  required  to  study  those  items,  when  defined,  as  well  as  to  evaluate  how  modification 
in  these  assumptions  and  application  of  methodology  would  change  the  conclusions. 
Therefore,  it  is  not  possible  to  make  a comprehensive  critique  of  the  financial  evaluation 
processes  used  by  JPL,  However,  a few  major  areas  of  the  financial  considerations  of 
this  study  do  merit  general  comment,  as  follows: 

1,  The  JPL  Cost  Findings  Summary  (11.5,3,  Item  6)  states  that  a vehicle 
with  a Brayton  or  Stirling  engine  will  cost  about  10%  more  than  a^ 
vehicle  of  equivalent  performance  with  an  Otto  cycle  engine. 

Comment  - GM's  most  recent  estimates  (early  1974)  on  the  turbine  engine 
indicate  considerably  greater  cost  penalty  over  the  conventional  engine. 

For  sake  of  discussion,  even  the  impact  of  the  10%  increase  is  significant 
as  evidenced  by  the  resulting  adverse  consumer  resistance  to  our  recent 
1975  vehicle  price  increases  of  about  8%,  New  engines  would  have  to 
compete  with  the  conventional  engine  at  dt  least  a 10%  first  cost  penalty. 
Recent  experience  would  indicate  that  this  could  be  prohibitive  unless 
significant  consumer  value  could  be  demonstrated. 

One  of  the  critical  assumptions  in  this  type  of  analysis  is  that  an  alternate 
engine  can,  because  of  improved  fuel  economy,  be  sold  at  a premium  that 
would  provide  the  necessary  revenue  to  provide  for  development  and 
facilities  investments.  This  is  an  assumption  that  can  and  should  be 
tested  in  the  marketplace.  It  is  a question  of  the  extent  to  which  two 
cars  that  are  identical  in  all  respects  except  that  they  are  different 
power  plants,  can  have  different  prices  and  survive  in  a competitive 
market.  If  an  individual  firm  were  to  test  the  validity  of  this  assumption 
in  the  marketplace,  it  must  be  recognized  that  there  would  be  substantial 
financial,  technological  and  market  risk,  with  great  potential  for  sub- 
stantial losses.  It  is  not  apparent  that  these  risks  and  uncertainties  were 
incorporated  into  the  JPL  financial  analysis  in  such  a manner  as  to  make 
a marketplace-oriented  evaluation  of  the  "potential  for  increased  profits". 

This  is  required  to  warrant  the  level  and  timing  of  expenditures  estimated 
in  the  Report,  Since  the  financial  analysis  has  not  fully  addressed  the 
inherent  technological  and  economic  risks,  the  Report  as  a result  infers  a 
degree  of  predictability  that  does  not  appear  justified  as  a basis  for  making 
public  policy  decisions. 
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2,  The  methodology  to  JPL's  discussion  (1 1 ,2)  states,  ”A  key  assumption 
is  that  the  R & D program  has  been  successfully  completed  and  a pro- 
duction prototype  engine  is  in  hand."  This  is  indeed  a key  assumption 
since  this  assumes  that  this  configuration  will  be  available  several  years 
from  now.  Many  outside  factors,  political,  economic,  etc.  may 
significantly  influence  these  estimates.  This  type  of  assumption  is 
very  important  in  evaluating  whether  or  not  to  commit  massive  expendi- 
tures for  both  capita!  facilities  and  research  talent  exclusively  toward 
an  unproven  goal,  based  on  cost  estimates  for  10  years  in  the  future. 

In  addition,  these  cost  estimates  are  predicted  on  the  fact  that  there  will 
be  adequate  material,  technical  and  capital  resources  available.  The 
availability  of  these  items  is  not  clearly  demonstrated  in  the  Report  in 
such  a manner  to  justify  the  risk  of  the  future  health  of  the  auto  industry 
apd  the  Nation's  economy, 

3„  Following  are  a few  other  assumptions,  included  in  the  statistical  data 
of  the  Report,  with  which  we  are  concerned  as  to  their  validity  and  their 
impact  on  the  overall  study  conclusions: 

a.  Overhead  expense  is  assumed  to  be  the  same  for  all  studied 
engines  regardless  of  production  configuration  or  support 
requirements, 

b.  The  general  relationship  of  engine  cost  as  a function  of 
horsepower  appears  to  be  a gross  oversimplification.  Our 
experience  definitely  does  not  substantiate  that  engine 
costs  vary  directly  with  horsepower. 

In  general,  we  are  very  concerned  with  the  validity  of  a number  of  key  assumptions 
included  in  the  Report,  and  therefore  their  impact  on  the  conclusions.  A much  clearer 
definition  of  the  extent  of  these  assumptions  and  their  potential  Impact  on  the  conclusions 
must  be  completed,  in  order  to  remove  the  extensive  doubt  of  the  validity  of  the  con- 
clusions. Of  major  importance  in  this  area  is  the  necessity  to  adequately  comprehend 
and  evaluate  the  risk  involved  in  all  of  the  assumptions. 
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ATTACHMENT  7 


•MANUFACTURABiLITY  AND  MATERIALS 


Only  a very  limited  discussion  of  manufacturability  is  included  in  the  JPL  Report. 

For  example.  Chapter  11  on  Manufacturability  and  Costs  contains  practically  no 
information  on  manufacturability  considerations  — mainly  it  is  devoted  to  cost 
information.  Manufacturing  and  production  considerations  are  very  important, 
and  could  have  serious  impacts  on  material  and  process  availability  as  well  as 
on  production  costs. 

For  example,  machining  rate  comparisons  on  components  for  all  but  the  Brayton 
engine  are  based  on  using  high  speed  tooling,  whereas  carbide  tooling  is  applied 
to  the  Brayton  estimates.  A significant  amount  of  carbide  tooling  is  already  being 
utilized  for  engine  machining,  which  therefore  was  not  comprehended  in  the  cost 
comparison. 

Other  sections  of  the  Report  emphasize  the  necessity  of  developing  ceramic  technology 
for  the  Brayton  and  Stirling  engines,  but  practically  no  attention  is  given  to  the 
necessity  to  develop  manufacturing  techniques  for  these  ceramic  components.  This 
type  of  cursory  analysis  of  the  manufacturability  of  the  components  proposed,  and 
the  manufacturing  processes  which  might  need  to  be  developed,  contributes  to  the 
overly-optimistic  conclusions  of  the  Report, 

The  information  included  In  the  Report  concerning  availability  of  materials  con- 
centrates on  nickel,  chromium,  cobalt  and  tungsten.  It  appears  to  be  handled  quite 
effectively.  However,- si  nee  the  future  engines  proposed  are  heavily  dependent  on 
ceramics,  more  attention  should  be  given  to  the  selection  of  ceramic  materials  and 
to  the  development  of  reliable  and  usable  sources. 
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ATTACHMENT  8 

CONCLUSIONS  FROM  21  CONTEMPORARY 
ALTERNATE  POWER  PLANT  STUDIES 


There  have  been  a large  number  of  studies  made  within  the  last  few  years  by  various  groups, 
concerning  alternative  automotive  power  plants.  One  measure  of  the  value  of  the  JPL  report, 
then,  can  be  judged  by  a comparison  of  the  various  conclusions.  Such  a comparison,  from 
21  different  studies,  is  attached. 

It  is  readily  apparent  from  a review  of  these  conclusions  that  even  though  the  various  study 
groups  used  essentially  the  same  set  of  facts,  the  studies  reached  quite  different  conclusions 
with  respect  to  the  potential  of  the  various  power  plants.  It  is  remarkable  that  such  a wide 
disagreement  exists.  According  to  these  studies,  the  best  alternate  engine  for  the  future 
ranges  from  steam,  to  a gas  turbine,  to  a fuel  injected,  stratified,  turbo -charged  rotary 
engine.  Since  all  of  these  studies  are  generally  evaluating  the  some  technology,  these 
differences  in  conclusions  clearly  point  out  the  considerable  uncertainty  in  forecasting 
future' engine  development. 

Many  of  the  differences  relate  to  a marked  over-optimism  with  regard  to  technological  advances 
which  are  predicted  to  occur  during  the  next  few  years.  If  the  results  of  these  reports  are  to  be 
utilized  by  policy  makers,  the  studies  need  to  clearly  define  the  amount  of  time  and  effort 
required  to  solve  the  problems  based  on  some  supportable  information  on  which  technological 
advances  can  reasonably  be  expected  to  occur. 

Such  studies,  in  order  to  reasonably  reflect  projections  that  are  probable,  as  well  as  possible 
to  achieve  should  maintain  a strong  sensitivity  to  the  free  market  choice.  Otherwise,  selection 
of  the  characteristics  of  the  transportation  system  will  not  be  responsive  to  the  public  interest. 
Past  history  has  demonstrated  that  the  free  market,  if  allowed  to  operate,  will  select  future 
automotive  power  plants  by  trial  and  error,  or  survival  of  the  fittest,  a ruthless  optimizer. 

Such  reports  as  the  JPL  Report  are  certainly  worthwhile  to  describe  the  state  of  the  art  In 
automotive  power  plants,  but  projections  into  the  future  need  to  be  strongly  tempered  by  the 
associated  uncertainties  and  risks  involved. 
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CONCLUSIONS  QUOTED  ARE  ARRANGED  UNDER  THE  FOLLOWING  HEADINGS 

GENERAL 
GAS  TURBINE 
STIRLING 

STRATIFIED-CHARGE 

DIESEL 

ROTARY 

RANKINE  OR  STEAM 

ELECTRIC 

MISCELLANEOUS 
Hybri  d 
Lean  Burn 
Warren  Engine 

(Bibliography  is  shown  at  rear  of  section) 
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GENERAL 


JPL  vol.  I. 

p.  V 

par.  4 


"...the  safest  prediction. .. [is]  that  the  engine 
powering  our  cars  in  the  future  will  be  an  improved 
version  of  the  conventional  Otto  cycle  engine. 
...the  final  outcome  will  depend  on  the  actions  of 
.. .ultimately / the  auto-buying  public." 


vol.  I.  "Our  study. . .involved. , .analytical  extrapolations  of 
p.  vi  engine  and  vehicle  performance .into  the  future.  This 

par.  2 ...step  was  of  critical  importance.  Many  of  the  engines 

currently  undergoing  tests  are  deficient  in  one  or  more 
areas... and  are  not  ready  for  widespread  introduction. 
Fortunately,  the  time  frame  of  the  study  allows  up  to 
10  years  of  research  and  development  (R&D) , through 
which  much  can  be  accomplished." 


BJERK^  p.  4 "...the  real  competitor  against  which  all  candidate 

LIE  par.  1 alternative  power  plants  must  be  matched — the  spark 

ignition,  gasoline  powered,  Otto  cycle  engine .. .meets 
all  of  the  above  requirements  except  emissions." 


p.  5 "...spark-ignition  engines  with  much  improved  combustion, 

par.  1 diesel  engines  with -improved  combustion  and  an  approach 
to  lightweight  design... gas  turbines  with  improved 
combustion  and  high  temperature  materials,  and 
Stirling  engines  with  high  temperature  materials  are 
the  potential  automobile  heat  engines  of  the  future . . . . " 


NAS  p . 4 
PANEL  par.  1 
1974 


"The  current  status  of  development  of  alternative,  non- 
internal-combustion engines  is  such  that  at  least 
another  generation  of  development  will  be  required 
before  any  of  these  will  have  reached  the  stage  of 
being  considered  a suitable  prototype  for  manufacture.... 
that  1982  is  the  earliest  one  of  the  alternate  engines, 
the  gas  turbine,  would  be  ready  for  limited  production, 
and  even  then  only  if  several  technological  advances 
are  achieved. " 


AERO-  p.  S-50 
SPACE 

NAS  p.  213 

PANEL 

1974 

STERN-  P*  22 
LIGHT  par.  7 


HITT.  p.  104 
par.  3 


see  attachment.  Figure  S-18 


see  attachment.  Figure  12.3 


"...the  reciprocating  piston  engine  will  remain  dominant 
at  the  turn  of  the  century.  However,  it  will  probably 
change  from  internal  to  external  combustion. ..." 

"Government  funding  of  external  combustion  systems  should 
receive  low  priority." 


*BIbHography  at  rear  of  section. 
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GENERAL  continued... 


HIO?T. 


p.  46 
par.  3 


MIT  p.  32 

par.  4 


"If  one  were  to  poll  a group  of  experts  to  decide  which 
advanced  propulsion  system  would  emerge  as  the  replace- 
ment for  the  ICE  after  1976,  it  is  nearly  certain  that 
the  conclusions  would  not  converge.  ...reviewers' 
comments  of  our  draft  final  report  reveals  that  these 
choices  are  still  the  greatest  area  of  controversy." 

"We  have  therefore  concluded  that  whether  the  optimum 
powerplant  for  the  last  two  decades  of  this  century  will 
be  the  ICE,  an  alternative,  or  whether  it  will  even  be 
a single  system  for  all  passenger  cars , cannot  now  be 
confidently  forecasted." 


EATON 

p.  17 

"The  overall  conclusion. . .is  that  there  still  is  con- 
siderable uncertainty  as  to  the  choice  and  rate  of 
commercialization  of  specific  engines, . . . . " 

AERO- 

SPACE 

p.  S-53 
par.  3 

"At  this  time  no  alternative  engine  development  appears 
to  have  progressed  to  a point  where  sufficient  data  are 
available  to  substantiate  any  claim  of  superiority  over 
other  engines . " 

NAS 

PANEL 

1974 

p.  211 

par.  (8) 

"None  of  the  alternative  heat  engines  have  been  shown 
conclusively  to  have  a suitable  cost  structure  for  use 
in  conventional  automobiles , " 

B JERK- 
LIE 

p.  4 ' 
par.  2 

"Admitting  the  various  alternative  power  plants  into 
the  system  in  limited  quantities  as  they  are  each 

brought  near  to  economic  viability  can  sift  out  the 
viable  alternatives  over  the  next  15  to  30  years.... 
More  rapid  conversion  is  not  a real  possibility.... 

Nor  is  it  a real  possibility  that  a single  alternative 
power  plant  will  be  adopted  by  the  system. " 


AYRES  p.  219  "...it  seems  that  the  industry  has  a very  strong  incen- 

tive to  obtain  the  widest  possible  consensus  on  the 
optimum  technological  choice  prior  to  undertaking  any 
major  investment  commitments." 

p.  220  "...it  is  not  suggested  that  a government  mandate  of 

a specific  technology  is  desirable." 
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si  MEASURED  - ENGINE  IN  VEHICLE  (NO^  - 0.4  om/mi) 
O MEASURED  - ENGINE  IN  VEHICLE  |NO^  ^ 2.0  gm/mi| 


A PROJECTED 


BASED  ON  ENGINE  COMPONENT  MEASURED 
PERFORMANCE  (NO^  - 0.4  gnfVmi) 


PROJECTED  - DATA  MODIFIED  FOR  POWER  TO  WEIGHT  RATIO 
OF  SPARK  IGNITION  ENGINE  POWERED  CARS 
gm/m*  « grams  per  mile- 
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FIGURE  12.3  Fuel  Economy  - Alternative  Engines.  All  Data  Are  Measured 
Except:  Predicted  from  Dynanorieter  and  Projected  from  Extrapolation, 
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GAS  TURBINE 


JPL 


vol.  I. 
p,  76 

2. 


vol . I . 

p.  61 

par.  5 


"Mature  Brayton  fuel  economy  will  be  second  only  to  that 
of  the  Stirling. .. .Braytons  also  offer  very  low  emissions, 
low  scheduled  maintenance,  and  fuels  adaptability.  They 
are  the  lowest  in  cost  of  the  continuous-combustion 
powerplants.  Hence,  they  are  also  leading  candidates 
for  introduction  in  the  next  decade.  Insufficient  data 
are  available  to  decide  between  the  'single-shaft'  and 
' free- turbine 

"A  significant  observation  is  the  small  cost  differential 
for  a Mature  single-shaft  Brayton  power  system  (engine 
plus  CV  transmission)  which,  within  the  uncertainties 
of  the  analysis,  may  be  considered  manufacturing-cos t- 
competitive  with  the  baseline .. .Otto. " 


HITT. 

par.  1 "....  It  is  estimated  that  a 150-hp  gas-turbine  power 

system  including  transmission  will  cost  approximately 
$2220  compared  to'  $910  for  an  ICE  of  similar  power.  " 


p.  103  "Both  capital  and  labor  requirements  are  more  than  twice 

par.  6 those  projected  for  the  baseline  ICE.  The  initial  price 

of  the  gas-turbine  vehicle  is  $800  more  than  a compar- 
able advanced  Otto  cycle  car  and  its  marketplace 
acceptability  must  be  questioned. " 


WmRES.  p*  1-1/1-2  "The  results  of  this  analysis  indicate  that  the  net 
par.  4 cost  of  ownership  of  gas  turbine  powered  automobiles 

should  be  substantially  lower  than. current  and  future 
internal  combustion,  piston  engine  powered  passenger 
cars . " 


AERO-  P*  H-2 

SPACE  P^r.  4 


"GAS  TURBINE  ENGINES .. .Estimated  High  production  costs 
continue  to  be  a major  factor  inhibiting  the  iraplementa 
tion  of  the  automotive  gas  turbine  engine." 


RAND  P*  7 "Neither  the  gas  turbine  nor  the  Rankine  ("steam")  cycle 

par.  2 engine  appear  to  offer  as  good  fuel  economy  or  cost 
Ex . Sura.  reduction , . . . " 


NAS 

PANEL 

1973 


p.  60  "Within  this  decade  the  automobile  gas  turbine  of  over 
150  HP  has  a good  probability  of  substantially  matching 
or  bettering  the  spark-ignition  engine  in  first  cost, 
running  costs,  emissions,  reliability,  driveability,  aud 
maintenance. " 
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CRAFT 


TURBINE  continued... 


p . 220 

Tab . I 


Standard 

Turbine 

OC-Engine  Case  Engine 

OC-70  PC  (2)  Case  RFT(4) 


Fuel  economy  (mpg)  11.4  9.1  12.4 


OC-70  - Otto  Cycle  1970 

OC(2)  - OC-70  plus  Exhaust  Gas  Recirculator,  plus  Dual  Catalytic 
Convertor  and  miscellaneous 

RFT(4)-  Regenerative  Free  Turbine  with  ceramic  burner  parts, 
with  a stainless  steel  regenerator 


P*  103  The  gas-turbine  system. ^ suffers  from  a fuel 

par.  4 economy  penalty  (25  percent  increase  over  the  ICE  by 
the  year  2000)...." 


p.  27 
par.  2 


"The  major  problem  areas  lof  the  turbine]  are: 

* Part-load  fuel  economy — a major  problem  with 
metallic  components,  a lesser  problem  with 
ceramic  components. 

* High  manufacturing  costs...." 


p.  40  "The  Rankine  engine  appears  to  offer  somewhat  better 
3rd  dot  fuel  economy  than  the  gas  turbine . . . . " 


p.  H-2 
par.  5 


p.  H-2 
par.  6 


p.  2 

par.  6 


"While  demonstrated  fuel  economy  is  low  for  gas  turbine 
engine-powered  cars  (about  eight  to  nine  miles  per  gallon 
for  an  intermediate— size  car  over  the  Federal  Emissions 
Test  Driving  Cycle) it  is  estimated  that  fuel  economy 
for  improved  engines  will  rise  to  about  12  miles  per 
gallon  and  be  competitive  with  that  of  current  spark 
ignition  engine-powered  cars." 

"In  the  future,  if  ceramic  turbines  are  developed,  a 
substantial  rise  in  turbine  operating  temperature  will 
be  possible,  leading  to  a significant  reduction  in  fuel 
consumption. " 

"...  the  simple-cycle  engine  is  predicted  to  fall  short 
of  the  ERA  goal  of'  10  miles  per  gallon  over  the  Federal 
Driving  Cycle 
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GAS  TURBINE  continued... 


77-40 


p.  51  "The .. .single-shaft .. .gas  turbine .. .engine  ...  can  give  gooa 
full-load  specific  fuel  consumption.  However,  the  part- 
load, part-speed  performant^  of  high-pressure-ratio 
compressors  is  very  poor,  and-jessentially  rules  this 
engine  out  of  consideration  for  automobiles...." 

p.  40  "...compared  with  other  types  of  gas  turbines,  a free 

4th  dot  turbine  system  offers  the  greatest  fuel  economy,  ...." 

p.  4 "...the  simple-cycle,  single-shaft  engine... is  clearly 

par.  1.  the  best  solution  for  a low-emissions  automobile  power- 
plant,  this  engine  offering  the  highest  probability  of 
meeting  all  systems  requirements,  including  low  cost, 
low  pollution,  and  satisfactory  fuel  economy." 


p . 2 "The  single-shaft  simple-cycle  gas  turbine  has  the  best 

par.  2.  potential  of  meeting  the  1976  [1978]  Federal  NO^  emission 
standards  but  careful  combustor  development  is  required 
to  establish  the  fact." 


par.  3. 


"The  single-shaft  engines ...  require  an  advance  in  trans- 
mission capability  to  provide  adequate  driving  character 
istics. " 


p.  9 
par.  3 


"In  the  last  few  years,  there  has  been  increased  study  of 
and  acceptance  of  the  single-shaft  gas-turbine  concept^ 
....However,  some  form  of  infinitely  variable  transmission 
is  required. .. none  has  yet  been  demonstrated  with  a 
single-shaft  gas  turbine." 


18 


^GM  ^°Ford  ^^GM 


p.  2 "The  single-shaft  engine. . .with  the  regenerator  bypass 

par.  4 for  the  primairy  combustor  air  was  recommended  for  the 
advanced  automobile  gas  turbine  engine . . . . " 


* P'  ' ...a  relatively  low  pressure  ratio,  single-shaft  engine 

par.  4 with  regeneration  (either  a fixed-boundary  recuperator 
or  a rotary  regenerator,  driving  the  vehicle  through  an 
infinitely  variable  speed-ratio  traction  transmission)  is 
the  system,  most  capable  of  meeting  or  exceeding  the 
optimization  criteria." 
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GAS  TURBINE  continued... 


p.  58  "The  proponents  of  the  use  of  single-shaft  gas  turbines 
have  claimed  that  the  elimination  of  a separate  -power 
turbine  and  its  bearings  will  .result  in  a substantial 
cost  saving,  while  an  infinitely  variable  transmission 
can  be  developed  which  will  cost  no  more,  and  perhaps 
less,  than  existing  automobile  automatic  transmissions. 
Such  claims  have  been  met  with  some  skepticism,  but  they 
are  not  beyond  possibility." 


p.  56  "There  seems  to  be  an  excellent  chance  that  the  static 
[ceramic]  parts  of  experimental  gas  turbines  will  be 
successfully  tested  by  1974,  and  perhaps  [ceramic] 
turbine  rotors  by  1978." 


p*  11 

par.  1 


"The  design  of  gas  turbines  for  the  high  inlet  tempera- 
tures required  to  achieve  competitiveness  with  gasoline 
engines  is  a new  science  that  is  some  years  away  from 
maturity .. .There  is  no  established  certainty  that  any 
of  these  methods  of  utilizing  high  turbine-inlet 
temperatxires  can  be  developed  for  a low-cost  engine. 
...the  potential  performance  gains  associated  with 
higher  turbine  inlet  temperatures  could  be  dissipated 
by  increased  viscous  losses  due  to  the  reduced  Reynolds 
numbers 


"The  use  of  ceramic  rotary  regenerators  has  encountered 
par.  2 serious  problems." 

p.  8 "Those  candidates  that  appear  to.  merit  earliest  consi- 
deration are  as  follows : 


Diesel. . . . 

Advanced  diesel .... 

Advanced  aas  turbine. ««» 

Advanced  Stirling. . . . 

Advanced  battery. ..." 

p.  22  "The  author  does  not  believe  that  the  Wankel,  Rankine,  or 

par.  6 the  gas  turbine  are  likely  to  become  automotive  power 
plants  with  impact  by  the  year  2000." 
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GAS  lURBlNE  continued... 


ZATON  p.  17  "Turbine  engines  have  greater  long  range  potential  in 

both  cars  and  heavy  duty  applications  and  the  Stirling 
engine  probably  even  greater  potenrial." 


JRK- 


P.  9 
par. 


"The  most  significant  change  in  rhe  outlook  for  the  gas 
turbine  over  the  last  five  years  results  from  the 
general  agreement  among  u,  S.  mianufacturers^^^® 
that  it  can  be  a technically  superior  engine  to  the 
spark-ignition  engine  at  least  down  to  75kw  (100  hp) , 
and  probably  to  55kw  (7d  hp)." 


^®Ford  ^^Chrysler  ^^Williams  Research 


1-58 


77-40 


STIRLING 


JPL  vol.  I.  "The  Stirling  powerplant  offers  the  lowest  fuel  consiimp' 
p.  76  tion  of  all  the  Mature  alternates/  low  emissions,  and 

1.  fuel  adaptability.  These  characteristics,  coupled  w.ith 

its  long-range  potential,  make  it  a primary  candidate 
for  introduction  in  the  1980’s." 


B JERK-  p . 15 

LIE  par.  3 


"The  Stirling  engine  must  still  be  regarded  as  an 
experimental  engine  for  automobiles." 


p.  17  "Turbine  engines  have  greater  long  range  potential  in 

both  cars  and  heavy  duty  applications  and  the  Stirling 
engine  probably  even  greater  potential. " 


NAS 
P.AXEL 
19  73 


"These  candidates  that  appear  to  merit  earliest  consi- 
deration are  as  follows: 

Diesel. . . . 

Advanced  diesel.... 

Advanced  gas  turbine .... 

Advanced  Stirling.... 

Advanced  battery . . . . " 


STERN-  p.  22  "The  Stirling  engine  is  the  most  likely  candidate, 

LIGHT  par . 5 although  the  diesel  or  the  Warren  engine  show  consider- 
able-promise at  this  time." 


BJERK-  P*  15  "What  is  now  apparent  for  Stirling  engines  is  that  by 

LIE  par.  1 modifying  the  efficiency  slightly  an  engine  of  appropriate 

power  for  an  existing  automobile  can  be  of  low  enough 
weight  and  size  to  be  acceptable." 


NAS 

PANEL 

1973 


p.  108  "The  engineering  problems  remaining  to  be  solved  before 
it  [the  Stirling  engine]  could  be  adopted  as  a practical 
engine  for  limited  application  relate  to  the  reliability 
of  the  heater  assembly,  sealing  of  the  working  fluid, 
and  to  the  development  of  a simple,  versatile  power- 
output— control  system.  Considerably  more  engineering  is 
necessary  before  the  engine  can  be  considered  a suitable 
automobile  power  plant." 

"Of  the  alternative  heat  engines  potentially  suitable 
for  automobiles , the  Stirling  engine  can  have  the  fewest 
rrmr.tations  in  all-around  future  applications,  but  it 
ro  tee  least  well  developed  and  will  require  the 
longest  to  develop  at  the  existing  ratel" 
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STIRLING  continued... 


NAS 

PANEL 

1973 

P.  U7 

"If  Stirling  engine  development  were  to  cease/  the  exist- 
ing engines  would  not  be  good  candidates  now  for  auto- 
mobiles. However,  the  amount  of  improvement  possible 
by  a more  generalized  approach  than  heretofore  taken  is 
great  in  terms  of  increased  reliability  and  lower  cost. 

It  is  this  possibility  that  makes  the  Stirling  engine  a 
* dark  horse  *...." 

HITT. 

p.  40 
par.  2 

At  150  bshp/  the  engine  [Stirling]  weight  with 
transmission  is  projected  to  be  in  excess  of  1500  lb; 
the  cost,  at  over  $3000." 

P.  47  • 
pa?:.  8 

"The  Stirling-cycle  system  would  be  too  costly  ($5000 
for  the  engine  alone)  as  a production  vehicle  unless  a 
major  breakthrough  were  achieved  in  its  materials  and 
production  technology." 

p.  102 

par.  4 

....  The  stratified-charge  engine.... if  successful, 

® better  option  than  either  the- advanced  Otto 
cycle  with  catalytic  controls,  the  Rankine  engine,  or 
the  gas  turbine . " 

MI'’' 

p.  89 
par.  1 

"The  Stirling  cycle  engine  — is  unlikely  to  ever  be 
mass  produced,  however,  unless  a suitably  inexpensive 
design  for  the  heater  head  is  developed.  An  effort 
to  supplement  the  Ford-Philips-United  Stirling  program 
should  be  considered. " 

RAND 

p.  38 
3rd  dot 

"...its  [the  Stirling]  equivalent  gasoline  fuel  economy 
does  not  appear  to  -match  that  of  the  supercharged 
stratified  rotary....  Because  the  Stirling  engine  is 
much  heavier,  auto  size  and  weight  are  increased.  For 
example,  the  full-size  auto  with  the  Stirling  and 
stratified  rotary  SIE  are  4,600  and  3,000  lb,  respec- 
tively; — . " 

AERO- 

SPAjCE 

p.  H-3 
par.  1 

"The  Stirling  engine  has  the  potential  for  demonstrating 
excellent  fuel  economy,  multifuel  capability,  very  low 
noise  and  vibration,  and  [low]  emissions...." 

p.  H-4 
par.  3- 

"Primary  problem  areas... are: 

..-.radiator  size.... 

...the  array  of  heater  tubes... now  made  of  nickel-chrome 
alloys " 

p.  H“4 
par,  4 

"Other  problems ... include  inadequate  piston  seal  life, 
hydrogen  diffusion  through  the  cylinder  walls  and  seals, 
and  the  need  for  low-cost  power  control . . . . " 
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STRATIFIED-CHARGE 


JPL  vol.  I. 

p.  10 

(5) 


NAS  P*  1 

PANEL  par . 1 

1974 


"...the  Stratified-Charqe . . .and  the  Diesel  do  not  offer 
enough  advantage  over  the  improving  conventional  Otto 
engine,  in  vehicles  of  equivalent  performance,  to 
warrant  their  widespread  introduction  in  general- 
purpose  automobiles." 

"Prom  the  viewpoint  of  fuel  economy,  at  least  on  an 
urban-type  driving  cycle,  the  diesel  and  strati fied- 
charge  engines  appear  most  attractive." 


P-  2 


DOT/  p.  40 
EPA  Tab.  7 


STRATIFIED  CHARGE 

Fuel  Economy 

Emission  Levels  (relative  to  1967) 


0.41  - 3.4  - 2.0 

Carbureted 

Pre-chamber 

0%  - 

10% 

Penalty 

0.41  - 3.4  - 1.0 

It 

10%  - 

20% 

Penalty 

0.41  - 3.4  - *4 

11 

25%  - 

30% 

Penalty 

0.41  - 3.4  - 2.0 

Direct  Injected 

25%  - 

40% 

Gain 

0.41  - 3.4  - 1.0 

ft 

15%  - 

20% 

Gain 

0.41  - 3.4  - .4 

If 

0% 

"...1980  Compared  to  1974...- 

Full 

Size 

Mid- 

size 

Small 

Size 

(Fuel  Economy  Improvement 
in  % of  MPG) 

0 PROCO  stratified  charge, or  25  25  15 


SwRI  P*  ^26 

par.  4 , 

vol.IIA 


"The  open  chamber  stratified  charge  engine ...  appears  to 
be  a viable  candidate  for  a low  emission,  low  fuel 
consximption  replacement  for  the  conventional  engine . " 
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STRATIFIED-CHARGE  continued... 


SwRI  P*  226 
VOl.IIB 


"Stratified  Charge  Engine .... The  fuel  economy  calculations 
for  this  design  result  in  a composite  improvement  of  55 
percent  in  mileage  [relative  to  1973  production  vehicles] 
after  correction  for  emission  controls." 


p.  227 
VOl.IIB 


HITT.  p.  102 
par.  4 


"The  principal  deterrent  to  the  development  of  the 
stratified  charge  engine  is  that  when  it  is  fully  emission 
controlled  (0.4  g/mile-NOx) » in  most  cases / the  fuel 
economy  suffers  severely  to  the  point  that  it  is  virtually 
no  better  than  a conventional  carbureted  engine  in  terms 
of  fuel  economy." 

"....  The  strati fied-charge  engine. . . .if  successful/ 
would  be  a better  option  than  either  the  advanced  Otto 
cycle  with  catalytic  controls,  the  Rankine  engine,  or 
the  gas  turbine . " 


p.  102  "A  major  government  program  should  be  conducted  for  the 
par.  5 development  of  a strati fied-charge  engine." 


ADL  p.  29  "Improved  Engine  Efficiency  [mass-producible  by  1980] . 

par.  1 Extend  the  concept  of  the  conventional  piston  engine  for 

light-duty  passenger  car  use  by  developing  the  stratified- 
charge  engine  and  particularly  a light-weight  diesel 
engine.  We  believe  that  the  stratified  charge  engine  is 
less  viable  than  the  diesel  because  of  a lack  of  proven 
road  flexibility,  increased  complexity,  and  lower 
potential  for  fuel  economy  gain?  i.e.,  17  (standard) 
to  18  (compact)  % mpg  gain  for  the  stratified  charge 
versus  20  (standard]  to  25  (compact)  % mpg  gain'for^ 
the  diesel. " [relative  to  1973  production  vehicles] 


EATON  p.  17 


"In  the  near  term,  the  stratified  charge  engine  looks 
potentially  very  attractive . . . . " 


STERN-  p.  22  “In  the  near  term,  the  stratified-charge  engine  looks 

LIGHT  par.  2 potentially  attractive,  offering  required  low  emissions 

without  sacrifice  in  fuel  economy. " 
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DIESEL 


JPL  vol . I . 

p.  10 

(5) 


NAS  p.  1 

PANEL  par.  1 
1974 

NAS  p.  8 

PANEL 

1973 


"...the  Stratified-Charge . . .and  the  Diesel  do  not  offer 
enough  advantage  over  the  improving  conventional  Otto  ’ 
engine,  in  vehicles  of  equivalent  performance,  to 
warrant  their  widespread  introduction  in  general- 
purpose  automobiles . " 

"From  the  viewpoint  of  fuel  economy,  at  least  on  an 
urban-type  driving  cycle,  the  diesel  and  stratified- 
charge  engines  appear  most  attractive." 

"Those  candidates  that  appear  to.  merit  earliest  consi- 
de^^ation  are  as  follows : 

Diesel. . . . 

Advanced  diesel .... 

Advanced  gas  turbine .... 

Advanced  Stirling. . . . 

Advanced  battery . . . . " 


"A  general  consensus  was  that  eventually ... [diesel] 
engines  should  be  used  in  specialty  vehicle  applications 
having  a high— load  factor  and  used  mostly  in  urban 
areas , such  as  taxis , light  pickup  and  delivery  trucks , 
and  some  cars . " 


STERN-  p.  22  "The -Stirling  engine  is  the  most  likely  candidate, 

LIGHT  par.  5 although  the  diesel  or  the  Warren  engine  show  consider- 
able promise  at  this  time." 


NAS  p.  1 
PANEL  par.  3 
1974 


"Regarding  standards  for  1978,  lowering  of  NOx  emission 
levels  from  1.0  to  0.4  g/mi  appears  to  exact  a penalty 
in  fuel  consumption  of  up  to  35%  by  excluding  the  diesel 
engine . " 


p.  2 


DIESEL 


Emission  Levels 

0.41  - 3.4  - 2.0 
0.41  - 3.4  - 1.0 


Fuel  Economy 
(relative  to  1967) 

25%  - 40%  Gain 
20%  - 35%  Gain 
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DIESEL  continued... 


DOT/  y.  40 
EPA  Tab.  7 


...1980  Compared  to  1974... 

Full  Mid-  Small 

Size  Size  Size 

(Fuel  Economy  Improvement 
in  % of  MPG} 


» turbo-charged  Diesel**  50  (37)  45  (33)  35  (23) 


**Numbers  in  parenthesis  show  the  fuel  economy  improve- 
ment percentage  on  a mile  per  unit  energy  basis#  since 
diesel  fuel  has  greater  density  than  gasoline." 


SwRI  p.  228 
vol. IIB 


"Turbocharged  Diesel  Design. .. .The  fuel  economy  calcula- 
tions when  adjusted  on  a Btu-basis .. .result  in  a 70-percent 
improvement  in  mileage...."  (19.73  production! 


DOT/  p.  49 
EPA  par.  3 


"The  range  of  economy  improvements  that  have  been  estimated 
for  the  conversion  to  naturally-aspirated  diesel  engines 
from  gasoline  engines  on  an  equal  performance  basis  is 
shown  as  a % change  in  miles  per  gallon  as  follows; 

Data  From  Data  From  Data  From 
Vehicle  Type  Ref  (1)  Ref  (2)  Ref  ( 3 ) 

Large  +20%  +35%  ' 


Mid-size  +25% 


+46% 


^op.  cit. , ADL  Report 
2 

op.  cit. f SWRI  Report 

^Monaghan#  M.L.#  C.C.J.  French,  and  R.G.  Freese.  A Study 
of  the  Diesel  as  a Light-Duty  Power  Plant.  Report 
prepared  by  Ricardo  and  Company  Engineers,  Sussex,  England, 
for  the  U.S,  Environmental  Protection  Agency,  July  1974." 


ADL  p.  29  "Improved  Engine  Efficiency  [mass-producible  by  1980]. 

par.  1 Extend  the  concept  of  the  conventional  piston  engine  for 

light-duty  passenger  car  use  by  developing  the  stratified- 
charge  engine  and  particularly  a light-weight  diesel 
engine.  We  believe  that  the  stratified  charge  engine  is 
less  viable  than  the  diesel  because  of  a lack  of  proven 
road  flexibility,  increased  complexity,  and  lower 
potential  for  fuel  economy  gain;  i.e,,  17  (standard) 
to  18  (compact)  % mpg  gain  for  the  stratified  charge 
versus  20  (standard)  to  25  (compact)  % mpg  gain  for 
the  .difiSfil*" [relative  to  1973  production  vehicles] 
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DIESEL  conti nued . . . 


AERO-  P*  H-4  "The  fuel  economy  of  diesel-powered  vehicles  over  the 

SPACE  par.  3.  Federal  Emissions  Test  Driving  Cycle  is  between  50 

percent  and  70  percent  better  than  that  achieved  by  the 
average  1973  model. ..." 

p.  H-5  "...On  an  equivalent  performance  basis,  the  fuel  economy 

advantage .. .would  be  smaller." 


MIT 


p.  24 
par.  2 


. . . the  ICE  I Diesel]  engine  fuel  economy  is  as  good  as 
or  better  than  any  other  potential  automotive  engine . " 


RICAR-  p.1-4  "The  diesel  powered  vehicle  will  deliver  up  to  50% 

DO  par.  1.  greater  fuel  economy  than  the  equivalent  gasoline  powered 

vehicle,  depending  on  the  driving  cycle." 


" . . .a  diesel  powered  vehicle  could  not  meet  the  secondary 
par.  2.  emissions  target  of  0.4  g/mil'e  N0x«**»" 


p.1-5  "The  clear  superiority  of  the  diesel  for  such  specialised 
par.  8.  applications  as  taxi  cabs  and  light  delivery  vehicles 

indicates  that  a programme  to  demonstrate  and  encourage 
the  conversion  of  these  vehicles  to  diesel  power  should 
be  instituted." 


MIT  p.  86  "...the  industry  has  quite  reasonably  chosen  to  concen 

trate  its  R & D efforts  on  other  systems  [than  the 
diesel] . " 

p.  89  "...a  government  program  could  help  reduce  both  the 

technological  and  regulatory  uncertainty  regarding  the 
diesel. " 
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ROTARY 


JPL  vol,  II.  "The  advanced  configuration. . .Otto  engine  is  one  that 
p.  3-15  can  be  produced  at  some  unspecified  future  date,  given 
par.  2 additional  development  and  foreseeable  extensions  of 

today's  technology." 


"The  rotary  (Wankel)  configuration  offers  several  possible 
improvements,  once  projected  far  enough  into  the  future 
par.  3 to  allow  resolution  of  its  current  rotor-seal  and  housing 

& 4 distortion  problems .The  advanced  configuration  is 

therefore  taken  to  be  a Wankel. .. .Rotor (s)  and  a housing 
liner  of  ceramic  material  will  provide  improved  dimen- 
sional stability  and  minimum  heat  losses. "iNo  cooling 
system  used.] 


rand  P*  7 "0^^  analysis  indicates  that  the  supercharged  rotary  engine 

par.  1 with  charge  stratification  dominates  all  other  engine 
Ex. Sum.  types,  including  the  diesel.  Compared  with  the  conven- 
tional SIE,  it  yields  eibout  twice  the  fuel  economy,..." 


RAND  P*  38 
par.  1 


NAS  P'  99 
PANEL  pa^*  2 
1974 


EATON  P . 17 


"...supercharged  stratified  rotary ...  fuel  economy  is 
improved  73  to  82  percent  depending  on  auto  size  and 
driving  cycle ; . . . . " 

"Although  the  advanced  stratified-charge  rotary-engine 
concepts  appear  promising,  it  is  doubtful  whether  they 
can  be  available  xmtil  the  1980 's." 


"Reciprocating  piston  engines  will  remain  dominant  well 
into  the  1980’ s.  The  Wankel  engine  will  receive 
increased  use  in  passenger  cars,  possibly  approaching 
a 25%  penetration  by  the  mid-1980's,  but  probably  much 
less. " 


NAS  P . 2 

PANEL 

1974 

Emission  Levels 
0.41  - 3.4  - 2.0 
0.41  - 3.4  - 1.0 


ROTARY 

Fuel  Economy 
(relative  to  1967) 

5%  - 10%  Penalty 

20%  Penalty 


STERN- 

LIGHT  ® 


"The  author  does  not  believe  that  the  Wankel , Rankine,  or 
the  gas  turbine  are  likely  to  become  automotive  power 
plants  with  impact  by  the  year  2000," 


MIT  p.  23  "In  terms  of  better  meeting  public  policy  goals,  this 

alternative  [rotary  engine]  has  no  advantages  relative 
to  the  ICE." 
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RANKINE  OR  STEAM 


jpL  vol.  I.  "...the  Rankine  powerplant  delivers  substantially  lower 
P'  economy ...  .It  also  has  the  highest  production  cost. 

While  the  Rankine  engine  does  offer  the  same  low 
emissions  advantage  and  fuels  adaptability  as  the 
Braytons  and  Stirling,  these  merits  alone  are  insuffi- 
cient to  warrant  its  further  development." 


MORSE  E’  o Vehicles  using  external  combustion  engines  for  propulsion, 
par.  d.  such  as  the  piston-type  steam  engine  of  advanced  design, 

potentially  offer  a satisfactory  alternative  to  the  present 
automobile  and  should  have  very  low  pollution  and  noise 
characteristics. " 


p.  22 

STERN-  par.  6 
LIGHT 


The  author  does  not  believe  that  the  Wankel,  Rankine , or 
the  gas  turbine  are  likely  to  become  automotive  power 
Plants  with  impact  by  the  year  2000." 


RAND 


p,  40 
3rd  dot 


"The  Rankine  engine  appears  to  offer  somewhat  better 
fuel  economy  than  the  gas  turbine . . . . " 


p.  220 

AYRES  j 


OC-Engine  Case 
OC-70  OC(2) 


Standard 
Turbiaie 
Engine 
Case  RFT(4) 


Standard 
Rankine  . 
Cycle  Engin 
Case  RCE(4) 


Fuel  economy  (mpg)  11.4  9.1 


12.4  12.2 


NAS 

PANEL 

1973 


OC-70  - Otto  Cycle  1970 

OC(2)  - OC-70  plus  Exhaust  Gas  Recirculator,  plus  Dual  Catalytic 
Convertor  and  miscellaneous 

RFT(4)  - Regenerative  Free  Turbine  with  ceramic  burner  parts, 
with  a stainless  steel  regenerator 

RCE(4)  - Rankine  Cycle  Engine,  New  valve  by  BICERI  replacing 
TECO  valve;  no  transmission 

p.  103  "In  comparison  with  other  heat  engines  that  have  better 
■ efficiency,  lower  cost,  better  integrability  in  auto- 
mobiles, and  better  producibility , the  Rankine  engine 
is  less  suitable  for  use  in  low-emission  cars." 


p.  13 

BJERK- 

LIE 


"Efficiency  of  the  Carter  [steam]  engine  has  been  pushed 
to  near  the  probable  limit  for  simple  steam  engines. 


26 


Jay  Carter  Enterprises 
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ELECTRIC 


JPL 


vol.  I.  "A  major  breakthrough  in  battery  technology  is  required 
p.  79  to  make  electric  vehicles  competitive  with  the  heat~ 

7.  engined  vehicles.  Existing  (lead-acid)  battery  technology 

results  in  vehicles  with  overall  energy  efficiencies  abou- 
10%  better  than  those  of  comparable  Otto-engined  cars." 


MORSE 


p.  2 

par. (a) 


"The  state  of  technology  does  not  permit  the  current 
development  of  an  economically  feasible  electric  car 
except  for  special-purpose,  limited-range  use." 


STERN- 

LIGHT 


p.  22 

par.  4- 


"...the  electric  vehicle. . .will  probably  start  making 
an  impact  in  the  late  1990s....  Hybrid  (engine/electric) 
systems  are  also  good  candidates." 


NAS 

PANEL 

1973 


p.  8 


"Those  candidates  that  appear  to.  merit  earliest  consi- 
deration are  as  follows: 

Diesel. . * . 

Advanced  diesel .... 

Advanced  gas  turbine .... 

Advanced  Stirling.... 

Advanced  battery . . . . " 
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MISCELLANEOUS 


Hybri  d 


JPL  vol . I . 
p.  79 

8. 


"The  best  heat  engine/electric  hybrid  configuration  (para 
llel,  on-off)  may  achieve  up  to  20%  higher  fuel  economy 
than  a comparable-acceleration  Otto-engine-powered 
vehicle. .. .The  hybrid's  heat  engine  emissions  are  not 
sufficiently  lower  to  significantly  simplify  its  emission 
controls.  The  additional  weight  and  cost  of  the  energy 
storage  system  make  the  hybrids  singularly  unattractive.. 


MIT 

p.  31 
par.  1 

"Heat  Engine  Hybrid  System. ,. [isj  complex  and  heavy, 
with  disappointingly  high  emissions  and  fuel  consumption, 

STERN- 

LICHT 

p.  22 

par.  4 

"...the  electric  vehicle. . .will  probably  start  making 
an  impact  in  the  late  1990s....-  Hybrid  (engine/electric) 
systems  are  also  good  candidates." 

Lean  Burn 

JOHN 

p. ' 11 
par.  2 

"The  somewhat 
indicates  the 
approach  both 

sketchy  amount  of  data  currently  available 
potential  benefits  of  the  lean  burn 
in  decreased  emissions  and  improved  economy 

NAS 

PANEL 

1974 

p.  2 

LEAN  BURN 

Fuel  Economy 

Emission  Levels 
0.41  - 3.4  - 2.0 


(relative  to  1967) 

5%  Penalty 


Warren  Engine 


STERN-  p.  22  "The  Stirling  engine  is  the^  most  likely  candidate, 

LIGHT  par.  5 although  the  diesel  or  the  Warren  engine  show  consider- 
able promise  at  this  time." 
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LIST  OF 

ALTERNATIVE  POWER  PLANT  STUDY  REPORTS 


SHOULD  WE  HAVE  A NEW  ENGINE?  An  Automobile  Power  Systems  Evalua- 
tion, Volume  I.  Summary;  Volume  II.  Technical  Reports.  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology, 

August  1975. 


AN  EVALUATION  OF  ALTERNATIVE  ENERGY  SOURCES  FOR  LOW  EMISSION 
AUTOMOBILES,  John  W.  Bjerklie,  Elton  J.  Cairns,  Charles  W.  Tobias 
and  David  Gordon  Wilson  (SAE  PRE-PUBLICATION  for  October  1975) , 


LEAN  BURN  ENGINE  CONCEPTS — EMISSIONS  AND  ECONOMY — James  E.  A. 
John  (SAE  PRE-PUBLICATION  for  October  1975) 


A STUDY  OF  TECHNOLOGICAL  IMPROVEMENTS  IN  AUTOMOBILE  FUEL  CONSUMP- 
TION, Volume  I:  Executive  Summary,  prepared  for  Transportation 
Systems  Center,  Environmental  Protection  Agency,  December  1974. 
Arthur  D.  Little,  Incorporated,  Report  No.  PB-238  693. 


TECHNOLOGICAL  IMPROVEMENTS  TO  AUTOMOBILE  FUEL  CONSUMPTION, 
prepared  for  U.  S.  Department  of  Transportation,  Office  of  the 
Secretary,  Office  of  the  Assistant  Secretary  for  Systems  Develop- 
ment and  Technology,  and  U.  S.  Environmental  Protection  Agency 
by  C.  W.  Coon  et  al. , December  1974.  Final  Report  No.  DOT-TSC- 
OST-74-39,  Volumes  I,  IIA,  and  IIB.  (Southwest  Research  Institute) 


THE  ROLE  FOR  FEDERAL  R&D  ON  ALTERNATIVE  AUTOMOTIVE  POWER  SYSTEMS 
prepared  by  John  B.  Heywood,  Henry  D.  Jacoby,  and  Lawrence  H. 
Linden  with  the  assistance  of  Patricia  D.  Mooney  and  Joe  M. 

Rife.  Massachusetts  Institute  of  Technology  Energy  Laboratory 
Report  No.  MIT-EL-74-013 , November  1974. 


WHICH  AUTOMOTIVE  ENGINES  IN  THE  FUTURE?  by  Beno  Sternlicht, 
Mechanical  Technology,  Inc.,  published  in  Mechanical  Engineering, 
November  1974. 


POTENTIAL  FOR  MOTOR  VEHICLE  FUEL  ECONOMY  IMPROVEMENT,  REPORT  TO 
THE  CONGRESS,  prepared  by  the  U.  S.  Department  of  Transportation 
and  the  U.  S.  Environmental  Protection  Agency,  24  October  1974. 


HOW  TO  SAVE  GASOLINE;  PUBLIC  POLICY  ALTERNATIVES  FOR  THE  AUTOMO- 
BILE prepared  for  the  National  Science  Foundation  by  Sorrel  ' 
Wildhorn,  Burke  K.  Burright,  John  H.  Enns  and  Thomas  F.  Kirkwood. 
Published  by  The  Rand  Corporation.  R-1560-NSF,  October  1974  and 
Executive  Summary  R-1560/1-NSF,  October  1974. 
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LIST  OF  ALTERNATIVE  POWER  PLANT  STUDY  REPORTS  continued... 


EMISSIONS  CONTROL  OF  ENGINE  SYSTEMS,  Consultant  Report  to  the; 
Committee  on  Motor  Vehicle  Emissions,  Commission  on  Sociotechnical 
Systems,  National  Research  Council,  prepared  by  James  E.  A.  John 
et  al . , September  1974.  (NAS  PANEL  1974) 


CURRENT  STATUS  OF  ALTERNATIVE  AUTOMOTIVE  POWER  SYSTEMS  AND  FUELS 
VOLUME  II — ALTERNATIVE  AUTOMOTIVE  ENGINES,  prepared  by  The 
Environmental  Programs  Group,  The  Aerospace  Corporation,  Contract 
No.  68-01-0417;  prepared  for  the  U.  S.  Environmental  Protection 
Agency  Office  of  Air  and  Waste  Management,  Alternative  Automotive 
Power  Systems  Division,  July  1974,  EPA-460/3-74-013-b. 


A STUDY  OF  THE  DIESEL  AS  A LIGHT-DUTY  POWER  PLANT  by  M.  L. 
Monaghan,  C.  C.  J.  French,  and  R.  G.  Freese,  Ricardo  and  Company 
Engineers,  Contract  No.  68-03-0375,  prepared  for  U.  S.  Environ- 
mental Protection  Agency  Office  of  Air  and  Waste  Management, 
Office  of  Mobile  Source  Air  Pollution  Control,  July  1974.  EPA- 
460/3-74-011. 


ECONOMIC  IMPACT  OF  MASS  PRODUCTION  OF  ALTERNATIVE  LOW  EMISSION 
AUTOMOTIVE  POWER  SYSTEMS  by  Robert  U.  Ayres,  and  Stedraan  B. 

Noble,  International  Research  & Technology  Corporation,  printed  in 
Journal  of'  the  Air  Pollution  Control  Association,  March  1974,. 

Vol.  24,  No.  3. 


THE  AUTOMOBILE — ENERGY  AND  THE  ENVIRONMENT;  A Technology 
Assessment  of  Advanced  Automotive  Propulsion  Systems,  by  Douglas 
G.  Harvey,  and  W.  Robert  Menchen.  Work  Sponsored  by  The  RANN 
Program  of  the  National  Science  Foundation,  Contract  No.  NSF-C674, 
March  1974.  Hittman  Associates,  Inc.,  Columbia,  Maryland. 


AUTOMOTIVE  ENGINES  FOR  THE  1980 's — Eaton's  Worldwide  Analysis  of 
Future  Automotive  Power  Plants  by  R.  W.  Richardson,  Manager 
Technological  Planning,  Eaton  Corporation  (no  date) . 


AN  EVALUATION  OF  ALTERNATIVE  POWER  SOURCES  FOR  LOW-EMISSION 
AUTOMOBILES,  Report  of  the  Panel  on  Alternate  Power  Sources  to 
the  Committee  on  Motor  Vehicle  Emissions,  National  Academy  of 
Sciences,  April  1973.  (NAS  PANEL  1973) 

AUTOMOTIVE  GAS  TURBINE  ECONOMIC  ANALYSIS,  Final  Report,  December 
1972,  to  Environmental  Protection  Agency,  Advanced  Automotive  Power 
Systems  Development  Div. , from  Williams  Research  Corporation, 

Report  No.  WR— ERll. 
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LIST  OF  ALTERNATIVE  POWER  PLANT  STUDY  REPORTS  continued-.. 


AUTOMOTIVE  GAS  TURBINE  OPTIMIZATION  STUDY,  Prepared  by  B-.  C. 
Riddle,  R.  C.  Davis,  and  J.  Gi  Castor,  AiResearch  Manufacturing 
Company  of  Arizona,  Contract  No.  68-04-0012,  for  U,  S. 
Environmental  Protection  Agency,  Office  of  Air  and  Water  Programs, 
Office  of  Mobile  Source  Air  Pollution  Control,  July  1972, 

No.  APTD-1291. 


FINAL  REPORT,  AUTOMOBILE  GAS  TURBINE — OPTIMUM  CYCLE  SELECTION 
STUDY,  Environmental  Protection  Agency  Contract  No.  68-01-0406, 
Edited  by  R.  J.  Rossbach,  June  1972,  APTD-1343.  General  Electric 
Space  Division  No.  GESP-725PS. 


AUTOMOTIVE  GAS  TURBINE  OPTIMUM  CONFIGURATION  STUDY,  prepared  by 
E.  S.  Wright,  L.  E*  Greenwald,  and  R.  R.  Titus,  United  Aircraft 
Research  Laboratories,  Contract  No.  68-04-0013,  for  the  U.  S. 
Environmental  Protection  Agency,  Office  Air  and  Water  Programs, 
Office  of  Mobile  Source  Air  Pollution  Control,  May  1972, 
APTD-1290. 


THE  AUTOMOBILE  AND  AIR  POLLUTION:  A Program  for  Progress,  Report 

of  the  Panel  on  Electrically  Powered  Vehicles  to  the  Commerce 
Technical  Advisory  Board/  U.  S.  Department  of  Commerce, 

October  1967.  (Morse  Report) 
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Critique  by 
Ford  Motor  Company 

Environmental  and  Safety  Engineering  Staff 
Dearborn,  Ml  48121 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA91103 
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JET  PROPULSION  LABORATORY 


Califotnia  Institute  of  Technology  • 4S00  Oak  Grove  Drive,  Pasadena,  California  91103 


June  29,  1977 


RE:  34LPE-7 7-218-2 


Mr.  Herbert  1.  Misch,  Vice-President 
Environmental  and  Safety  Engineering 
Ford  Motor  Company 
The  American  Road 
Dearborn,  Michigan  48121 

Dear  Mr.  Misch: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

We  were  most  pleased  to  receive  your  letter  and  the  extensive  evaluation  attached. 

Our  response  at  this  time  is  in  accord  with  our  restructured  heat  engine  work,  now 
under  the  sponsorship  of  the  Energy  Research  and  Development  Administration  (ERDA) . 
The  background  and  status  of  our  new  program  is  summarized  in  the  enclosure. 

Ford  Motor  Company's  85-page  critique  of  the  subject  report  comprises  a very 
thorough  and  detailed  review  of  all  the  major  subject  areas  of  the  study.  It 
reflects  a great  deal  of  thoughtful  analysis  and  a major  commitment  of  time,  and 
we  are  highly  appreciative  of  the  contribution  this  critique  has  made  to  our  under- 
standing of  the  technical  state-of-the-art  and  of  the  technology  assessment  process . 

JPL  is  gratified  at  Ford’s  evaluation  of  the  report  as  "a  very  good  piece  of  techni- 
cal work  and  a valuable  contribution  to  the  literature  on  the  subject".  Despite 
some  reservations  and  a number  of  detailed  technical  comments.  Ford  "agrees  in  a 
broad  sense  with  the  major  findings"  and  endorses  the  principle  of  federal  funding 
for  high-risk,  long-term  basic  research.  These  quotations  are  cited  here  to  help 
other  readers  of  this  letter  keep  in  mind  that,  while  a lengthy  critique  will 
naturally  emphasize  the  differences  between  author  and  reviewer.  Ford  does  agree 
with  the  overall  conclusions  of  the  study.  The  Executive  Summary  of  the  critique 
raises  several  broad  points  of  philosophy  and  approach,  and  poses  13  "open  ques- 
tions" pertaining  to  the  methodology  and  conclusions.  It  concludes  with  a detailed 
commentary  on  each  chapter  of  the  report. 

The  breadth  and  detail  of  the  critique  preclude  formulating  a point-by-point  res- 
ponse, which  would  have  to  be  several  times  longer  than  the  critique  itself.  Each 
of  the  specific  technical  topics  and  the  systems-level  assessments  which  tie  the 
technical  factors  together  would  require  either  lengthy  discussion  or  actual  new 
work.  The  approach  we  have  taken  has  been 'to  generate  a detailed  outline  of  the 
critique  in  each  major  subject  area.  These  outlines  form  a fundamental  part  of  the 
work  plan  in  the  separate  subject  areas  of  the  on-going  ATSP  Project  (see  attachment). 
The  responses  to  this  critique  will  then  be  implicit  in  the  future  work,  rather  than 
specifically  set  out. 


Twx  91  OS 88-3 269 


Telephone  354-4321 
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JET  PROPULSION  LABORATORY  Cahjotnia  Imtilute  of  Technology  • 4SOO  Oak  Grove  Drive,  Paiodena,  Cahfotma  9U0p 


Mr.  Herbert  L.  Mlsch 
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June  29,  1977 


Several  major  topics  are  mentioned  in  the  Executive  Summary  which  have  a broader 
scope  and  can  be  briefly  addressed  here.  Ford  feels  that  more  attention  should 
have  been  paid  to  minimizing  (and  perhaps  quantifying)  the  uncertainty  in  pre- 
dicting technology,  and  to  controlling  the  optimistic  bias  which  assigns  the 
highest  technical  expectations  to  the  engines  about  which  the  least  is  known.  The 
purpose  of  the  study  was  to  establish  the  potential  of  the  alternate  engines,  and 
it  is  certainly  out  of  place  to  try  to  establish  a priori  what  kind  of  production 
compromises  might  be  made  in  the  end.  The  report  describes  specifically  where 
each  technology  advance  is  required,  and  the  performance  predictions  were  realis- 
tically based  on  the  stated  predictions . The  assumptions  in  the  study  about 
materials  and  configurations,  which  were  not  criticized  as  unfeasible,  were  duly 
considered  in  their  performance  and  cost  impacts  on  the  engines. 

Other  comments  centered  on  the  high  uncertainty  in  the  cost  projections,  the  finan- 
cial resources  required  both  for  carrying  out  the  recommended  R&D  programs  and  sub- 
sequent production  conversion,  and  the  effects  of  regulatory  and  non-technical 
real-world  influences.  These  types  of  problems  will  receive  increased  emphasis  in 
the  ATSP  Project. 

A strong  point  was  made  that  the  ability  for  meeting  near-term  emissions  standards 
with  good  fuel  economy,  using  gasoline  piston  engines,  was  overstated  in  ’the  study. 
An  elaboration  of  JPL's  technical  assessment  of  catalyst-controlled  Otto  engines 
was  given  in  the  October  3,  1975  letter  to  Mr.  Donald  Jensen  of  Ford's  Automotive 
Emissions  Office  (a  copy  will  be  included  in  the  compendium) . Events  in  the  -inter- 
vening time  period  have  tended  to  support  the  APSES  view  that,  given  adequate 
development  time,  these  standards  can  be  met.  Ford's  concern  about  the  "damage" 
that  can  be  done  through  taking  such  statements  out  of  context  may  be  real  enough; 
however,  the  statements  in  the  study  were  very  carefully  phrased  precisely  because 
of  this  possibility.  Surely  the  possibility  of  misquotation  should  not  inhibit  the 
undertaking  and  publication  of  studies  altogether! 

The  above  broad  topics,  and  the  13  "open  questions"  in  Ford's  critique,  together 
with  the  detailed  technical  comments  on  each  chapter,  form  a major  guideline  for 
our  continuing  engine  technology  assessment  work.  We  are  indebted  to  Ford  Motor 
Company  for  this  painstaking  and  thoroughly  constructive  critique  of  the  APSES 
study. 


•Harry  E.  Co trill.  Project  Manager 
' Automotive  Technology  Status  and 
Proj actions 

HEC:nrw 


Enclosure 


77-40 


0 


Jl.T  PKOPOI^ION  LABOKATOHV  (,tthloi7iia  h"^hiu't  of  1 n into  * i*  * t f *.  f.wr,;*/*  • • iruu,  i t:tH  nutn 


October  3,  j9T5 


Mr.  Donald  Jensen 
Automotive  Emissions  Office 
Ford  Motor  Company 
World  Headquarters 
Ait.erican  Road 
Dearborn,  Mi  i*8l21 


Dear  Don:’ 

A question  was  raised  in  the  afternoon  session,  following  the  September  9 
APSES  briefing,  concerning  our  projection  that  a "Large"  Mature  UC  Otto  car 
could  meet  the  statutory  emission  standards  with  some  improvement  in  fuel 
economy  over  .the  best  of  Mf75's..  The  following  response  is  offered: 

In  all  of  OUT'  presentations,  as  well  as  in  the  report,  we- have  carefully 
pointed  out  the  distinction  between  the  Present  and  Mature  configurations 
of  the  heat  engines  - the  former  representing  differing  states  of  development 
at  a fixed  point  in  time  (i.e.  now),  and  the  latter  representing  equal-footing 
fully- developed  s-cates  at  different  time  points  in  ti.c  .fiiture.  V/e  have 
emphasized  (and  you  may  feel  that  this  point  was  not  'stressed  adequately) 
that  none  of  the  Mature  configurations  - including  the  Mature  UC  Otto  - is 
sufficiently  developed  that  a decision-  to  mass  produce  could  be  made  now. 


On  the  basis  of  data  from  a number  of  sources , including  low-mileage  data 
on  3-way  converter  efficiencies,  we  submit  that  it  is  indeed  technically 
feasible,  given  adequate  development,  for  Mature  Otto-engined  cars  to  be 
certified  to  the  0. Ul/s* ^/O. emission  standards  with  the  fuel  economies 
.stated  in  the  report.  However,  as  noted  on  page  60  of  Volume  I,  it  wiDl  be 
difficult  "...for  larger  cars  using  these  powerplants  to  be  certified  to  the 
0,!4  g/mi  NOx  standard  and  the  0,1)1  g/mi  HC  standard  at  the  same  time.  This 
observation  derives  from  the  fact  that  large  fractions  of  exhaust  gas  re- 
circulation (EGR)  and/or  lean  burning  may  be  required  to  adequately  suppress 
'iCx  formation,  and  this  will  tend  to  increase  HC  formation,  possibly  beyond 
the  conversion  capabilities  of  the  oxidation  converter." 

One  way  to  look  at  the  issue  is  by  resolving  it  into  the  three  components 
of  fuel  consumption,  feed-gas  composition,  and  required  simultaneous  conversion 
efficiencies  of  the  3-way  converter.  The  enclosed  "maps"  show  the  Mature 
"Large"  (5000  lb -curb  weight)  car  in  this  perspective  for  HC  and  NO^  emittants. 


Telephone  S.^4-fJ2l 
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The  expectation  that  the  Peed-gas  requirements  for  all  3 pollutants  will 
be  met  at  the  projected  levels  of  fuel  economy  is  based  on  experimental  data. 
The  simultaneous  attaiament  of  the  required  NO  level  in  the  feed-gas  and  the 
projected  improvement  in  fuel  economy  results  ?rom  optimum  use  of  EGR  in  con- 
junction with  near-MBT  spark  timing.  It  is  recognized  that  in  the  past  the 
increase  in  HC  emissions  accompanying  the  use  of  charge  dilution  has  been 
ameliorated  through  retardation  of  the  spark  timing  with  a resulting  loss  of 
fuel  economy.  This  problem  should  be  addressed  as  part  of  the  required  devel- 
opment program. 

Simultaneous  catalytic  conversion  efficiencies  well  above  those  required 
have  also  been  demonstrated  \uider  stoichiometric  conditions , but  here  the 
data  are  admittedly  sparse  and  mostly  for  low  mileage.  Our  review  of  the 
available  performance  data  indicates  that  simultaneous  HC  and  NO  conversion 
®^^i^i®Rcies  at  about  ^05?  are  reasonable  development  targets  for^end— of— life 
25,000  miles). 

While  we  have  not  assessed  in > detail  the  development  time  and  funding 
required  for  the  Mature' UC  Otto  power  system,  it  is  our  Judgement,  consonant 
with  the  discussion  presented  in  Chapters  3 and  4 of  Volume  II,  that  the 
appropriate  engine  components  and  converter  subsystem  to  meet  this  target 
performance  are  within  reach  of  an  intensive  development  program. 

With  regard-  to  Chapter  3i  I would  like  to  call  your  attention  to  an  . 
erratum  which  slipped  through  the  editorial  process  in  the  transition  from 
an  earlier  version:  Footnote  ”a''  to  Table  3-6  (p.3-l8)  now  reads  "Average 

car  at  50,000  miles;"  it  should  read,  "Well-maintained  car  at  50,000  miles." 

I trust  that  this  information  will  be  helpful  in  understanding  our 
• treatment  of  the  baseline  UC  Otto  car . I am  sorry  for  the'  delay  in  getting 
you  this  resonse , but  with  vax'ious  briefings  and  other  committments  the  team 
has  had  a hard  time  getting  together  to  put  together  this  letter. 


Yours  sincerely. 


R.  Rhoads  Stephenson 
Principal  Investigator 
Automotive  Power  Systems 
Evaluation  Study 


RRS:bl 


Enclosures 

cc;  T;  Barber  ' q.  Meisenholder 
' W.  Sdmiston  N.  Moore 

G,  Klbse  G.  Nunz 
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Ford  Motor  Company 
The  American  Road 
Dearborn,  Michigan  48121 

October  20,  1975 


Dr.  Allan  J.  Grobecker 
Assistant  to  the  1-fanager  of  the 
Task  Force  for  Motor  Vehicle  Goals 
Beyond  1980 

Office  of  the  Secretary 
Department  of  Transportation 
TST-8 

400  Seventh  Street,  S.W. 

Washington,  D.C.  20590 

Dear  Dr.  Grobecker: 

Mr.  Stoney*s  letter  of  Septeirber  26  requested  a Ford  critique 
of  the  Jet  Propulsion  Laboratory  (JPL)  report  "Should  We  Have  a New 
Engine?".  As  you  knov;,  this  study  was  funded  by  Ford  and  touches 
deeply  on  issues  of  vital  concern  to  us.  Consequently  we  intend  to 
be  especially  thorough  in  our  evaluation.  Our  critique  has  been  in 
progress  from  the  day  the  report  was  issued,  and  the  first  manage- 
ment review  is  not  expected  for  several  weeks.  Therefore  I am 
unable  to  satisfy  your  request  in  time  to  meet  your  needs. 

However,  vrith  the  understanding  that  my  failure  to  comment  on 
a particular  issue  does  not  imply  endorsement,  I can  share  xd.th  you 
my  general  (and  very  tentative)  reactions  to  the  JPL  study. 

It  is  clear  that  this  report  represents  a very  competent  piece 
of  vjork  and  is  a valuable  contribution  to  the  debate  on  alternative 
engines,  but  Xs’e  disagree  xd-th  the  authors  on  many  specifics.  He 
particularly  disagree  xjith  JPL's  assessment  of  economic  issues  and 
xri.th  their  assumption  that  statutory  emission  standards  can  be  met 
in  the  near  term  xrf.th  an  Otto  cycle  engine  more,  economical  than 
those  meeting  1975  standards.  He  are  also  apprehensive  that  — as 
has  happened  x^ith  all  major  studies  to  date  — improperly  qualified 
statements  in  the  summary  volume  will  be  widely  quoted  and  misused. 


Herbert  L.  Misch 
Vice  President 

Environmental  and  Safely  Engineering  Staff 


2-8 


77-40. 


Dr.  Allan  J.  Grobecker 


- 2 - 


Ocfobcr  20,  1975 


Despite  these  reservations,  we  agree  in  a broad  sense  ^rLth 
JPL's  major  findings: 

1. -  Alternative  engines,  particularly  the  Stirlin-g  and  Bray  ton, 

offer  the  hope  of  substantial  improvements  over  the  Otto 
cycle  in  both  fuel  economy  and  emissions. 

2.  I'lajor  technological  advances  must  take  place  before  these 
alternatives  could  be  considered  serious  competitors  to 
the  Otto  cycle  engine.  These  advances  can  only  be 
achieved  through  very  large  research  and  development 
expenditures  over  at  least  a five  to  ten  year  x^eriod. 

3.  hiien  (if)  the  technology  is  finally  proven,  a lead  time 
on  the  order  of  four  years  is  required  before  production 
could  begin.  Total  conversion  of  the  industry  ^/ould 
require  at  least  eight  to  twelve  more  years,  even  at 
greatly  increased  levels  of  industry  investment. 

4.  Even  in  mass  production,  most  of  the  alternate  power 
plants  are  projected  to  have  significantly  higher  first 
cost. 

■ These  findings  led  the  JPL  team  to  endorse  the  industry's  current 
strategy  of  refining  the  Otto  cycle  engine,  reducing  vehicle  weight, 
improving  aerodynamics,  etc;  They  concluded  — as  did  we  — that 
there  is  no  sensible  alternative  in  the  near  term  (i.e.  for  the  next 
five  to  ten  years). 

JPL  also  recommended  greatly  increased  funding  of  research  aiid 
development  on  both  the  Stirling  and  Bray ton  cycle  engines,  by 
industry  and  by  the  federal  government.  Clearly,  JPL  did  not,  and 
perhaps  cannot,  appreciate  the  enormous  strain  placed  on  our  capital 
resources  by  govemmenc  regulations  and  the  demands  of  the  market. 
Nevertheless  we  intend  to  give  this  recommendation  serious  considera- 
tion, v7oighing  the  opportunities  and  risks  of  such  a program  against 
those  of  other  programs  competing  for  the  same  limited  operating 
capital.  Current  .levels  of  Company  funding  on  these  engines  reflect 
our  judgment  that  the  most  efficient  approach  in  evaluating  alternate 
piower  plants  is  to  concentrate  research  on  the  one  or  two  most 
important  roadblocks . 

Ke  are  therefore  in  agreement  tri.th  JPL  that  the  potential  returns 
are  too  remote  to  warrant  immediate  expansion  of  our  ow  programs  to 
the  levels  recommended,  by  the  study.  Because  a major  fraction  of  the 
benefits  of  alternate  engines  accrue  to  society  at  large  rather  than 
to  the  successful  deveJoper,  we  consider  it  proper  for  society  to 
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participate  in  the  costs  and  risks.  Accordingly-  we  endorse  in 
principle  the  JPL  recommendation  for  federally  funded  research 
programs.  To  that  we  x^ould  add  the  recommendation  that  such  fund- 
ing be  restricted  to  basic  technology  characterized  by  high  risk 
and  long  term  payoffs.  At  this  time  both  the  Stirling  and  Bray ton 
engines  fit  that  description. 

VThen  our  review  has  been  completed,  I will  make  sure  that  you 
receive  copies.  Meanwhile,  I'd  be  happy  to  answer  any  specific 
questions  you  may  have  on  the  report. 

Very  truly  yours. 


H.  L.  Misch  ■ ^ 
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FORD  CRITIQUE  OF  THE  JPL  REPORT 
"SHOULD  WE  HAVE  A NEW  ENGINE" 


December  15,  1975 


Edited  by  Wayne  M.  Brehob 
Automotive  Emissions  Office 
Ford  Motor  Company 
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EXECUTIVE  SUMMARY 


The  JPL  Report,  ’’Should  We  Have  a New  Engine?  — An  Auto- 
mobile Power  Systems  Evaluation"  is  a very  good  piece  of  technical 
work  and  a valuable  contribution  to  the  literature  on  the  subject. 

Its  more  significant  contributions  are  in  developing  analysis 
techniques  and  terminology  and  in  establishing  an  outline  or 
structure  for  a complete  technical  and  financial  analysis  of  a 
vehicle  system.  However,  the  report  should  be  considered  as  a 
first  iteration  of  the  analysis  and  the  conclusions  should  be 
considered  as  tentative. 

The -report  suffers  from  the  bias  of  the  authors;  the  bias  is 
primarily  due  to  optimism  that  ass\imes  great  things  for  the  engines 
about  which  the  least  is  known.  This  causes  the  Brayton  (gas, 
turbine)  and  Stirling  engines  to  come  out  on  top,  and  the  Otto 
(spark  ignition)  engine  and  the  Diesel  engine  to  come  out  near  the  , 
bottom.  Much  of  the  technical  uncertainty  associated  with  the 
new  technology  was  assumed  away  by  merely  making  the  assumption 
that  any  outstanding  problems  would  be  solved  before  the  engine  was 
introduced . 

The  cost  projections  which  servo  as  the  basis  for  all  the 
financial  analysis  are  more  uncertain  than  the  technical  projections. 
In  combination,  the  uncertainties  make  it  premature  to.  accept  the 
recommendation  that  the  industry  should  spend  about  one  billion 
dollars  to  research  three  alternate  engines  over  the  next  seven  or 
eight  years , that  the  industry  could  afford  to  do  so  with  minor 
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changes  in  priorities,  and  that  the  profit  potential  justifies 
such  an  expenditure , 

One  conclusion  of  the  report  will  undoubtedly  be  used  and 
misused  out  of  context  to  counter  industry  arguments  about  the 
trade-off  between  emission  control  and  fuel  economy.  This  con- 
clusion creates  the  totally  false  impression  that  technology  is 
at  hand  which  will  allow  the  current  engine  to  meet  the  most 
stringent  emission  standards  (.41/3.4/0.4  g/mi ,HC/CO/NOx  respectively) 
with  no  loss  in  engine  efficiency  (fuel  economy)  but  rather  with  a 
slight  improvement.  The  body  of  the  report  contains  caveats  which 
temper  the  conclusion,  but  not  sufficiently  to  make  it  accurate. 

JPL  was  -specifically  asked  to  supply  the  quantitative  rational  for- 
this  conclusion  but  replied  instead  with  a restatement  of  the 
caveats  and  a reaffirmation  of  their  opinion  that  this  was  true.'  ■ 

This  critique  discusses  the  above  points  in  more  detail, 
points  out  other  weak  areas,  and  makes  suggestions  on  how  they  ' 
can  be  improved.  It  also  includes  a list  of  questions  for  the  JPL 
authors'  consideration.  Finally,  it  is  recommended  in  this  critique 
that  a second  iteration  of  the  study  is  warranted  in  order  to 
answer  these  questions  and  implement  improvements  in  the  techniques 
and  to  incorporate  more  recent  data. 
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FORD  CRITIQUE  OF  THE  JPL  REPORT 
"SHOULD  WE  HAVE  A NEW  ENGINE" 


OVERVIEW 

The  JPL  study  set  out  to  answer  the  question  "Should  our 
cars  be  powered  by  a new  powerplant?"  Their  analysis  intended 
to  go  beyond  the  technical  question  of  what  could  be  done  by 
including  societal  considerations  to  decide  what  should  be  done. 

Although  the  report  is  quite  broad,  there  are  limitations  in 
scope  that  must  be  kept  in  mind  when  considering  the  conclusions. 
Special  purpose  vehicles  such  as  taxi  cabs,  delivery  vehicles, 
commuter  cars,  etc.  are  not  considered;  therefore,  the  fact  that 
a powerplant  is  not  recommended  in  this  study  does  not  mean  that 
it  might  not  have  high  potential  in  a special  purpose  vheicle. 

The  report  concentrates  on  what  is  termed  an  "Otto-Engine 
Equivalent"  (OEE)  vehicle,  which,  relative  to  a conventional  Otto- 
engined  counterpart  has  identical  passenger  and  luggage  accommo- 
dations, accessories,  aerodynamics,  and  range;  equivalent 
performance;  and  equally  acceptable  driveability,  safety,  dura- 
bility, and  noise  level.  Advantages  were  sought  in  fuel  economy 
and  emissions. 

In  order  to  compare  power  plants  at  equal  levels  of  technology, 
three  levels  of  technology  were  defined  as  follows; 

Approx . time 

Configuration  System  Definition  to  production 

"Present"  Powerplant  performance  0-2  yrs. 

currently  demonstrated  on 
an  engine  test  stand  or 
in  a vehicle 
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Approx . time 

Configuration  System  Definition  to  production 

"Mature"  The  level  of  powerplant  2 to  10  yrs. 

performance  achievable 
with  known  technology  and 
with  time  to  do  necessary 
development 

"Advanced"  The  level  of  powerplant  beyond  10  yrs, 

performance  achievable 
with  major  technological 
advances  in  materials  and 
fabrication  processes 

Although  the  report  did  not  attach  a specific  time  scale' to  these 
levels  of ‘ technology , the  times  in  years  shown  are  approximately 
the  time  required  to  have  the  configuration  in  mass  production. 
The  engine  related  conclusions  and  recommendations  were  based  on 
comparison  of  engines  at  the  "mature"  technology  level - 

The  mature  configurations  assumed  for  the  seven  powerplants 
for  which  configurations  were  generated  are  shown  below.  Two 
powerplants,  the  pure  electric  and  the  hybrid,  were  ruled  out 
before  generating~any  configurations.  The  Brayton-cycle  engine 
is  carried  in  two  options  — single-shaft  and  free-turbine. 
Several  alternatives  are  listed  for  emission  control  of  many  of 
the  powerplants. 

Uniform  Charge  (UC)  Otto  (Baseline  Engine) 

Improved  conventional  spark-ignited  piston  engine; 
advanced  carburetor  (possibly  sonic) , 700  to  4500 
rpm  speed  range,  cast  iron  block  and  head,  con- 
ventional valves  and  valve  actuation. 

Emission  control  alternatives 

For  emission  standards  of  0.41/3.4/0.4  — ex- 
haust treatment  including  a reducing  catalyst,  and 
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oxidation  in  either  a catalyst  or  thermal  reactor 
(emphasized  3-way  catalyst) . 

For  standards  of  0.41/3.4/1.0-2.0  — exhaust 
oxidation  treatment  only,  NOx  control  by  dilute 
combustion  (lean  or  EGR) . 

Stratif ied-Charge  (SC)  Otto 

Open  chamber,  direct  fuel  injection,  11:1  compression 
ratio,  reciprocating  (slider-crank,  4 -stroke / , cast 
iron  head  and  block,  conventional  valves  and  valve 
actuation 

Emission  control  alternatives 

For  emission  standards  of  0.41/3.4/2.0  — 
an  oxidizing  (HC/CO)  catalyst  and  EGR. 

For  standards  of  0.41/3.4/0.4  — • either  an 
extra  large  HC/CO  catalyst  and  EGR;  or  feedback 
control  to-maintain  stoichiometry,  and  a 3-way 
catalyst 

Brayton  Cycle  (Gas  Turbine)  — Single  Shaft  (SS)  Type 

4:1  pressure  ratio,  80%  efficient  compressor,  1900°F 
maximum  turbine  inlet  temperature,  superalloy  turbine 
of  radial  type  with  85%  efficiency,  premix  prevaporizing 
(variable  geometry)  combustor,  ceramic  regenerator  with 
90%  efficiency,  and  integrated  hydromechanical  controls. 

Brayton  Cycle  (Gas  Turbine)  — Free  Turbine  (FT)  Type 

Same  specifications  as  single  shaft;  additional 
power  turbine  has  same  specifications  as  gasifier 
turbine  except  variable  nozzles  are  used. 
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Stirlinq-Cycle  Engine 

Swashplate  operation  of  double-acting  stainless  steel 
pistons,  hydrogen  working  fluid  with  1400°F  maximiim 
temperature  and  a maximum  pressure  of  200  atmospheres 
(approx.  3000  psi) , a superalloy  tube  bundle  or  in- 
vestment cast  heater  head,  a ceramic  air  preheater, 

rollsock  piston  rod  seals,  and  load  control  by  variation 

* 

• of  mean  pressure  level  augmented  with  dead  volume 
control 

Rankine-Cycle  Engine 

A monotube  steam'  generator,  water  working  fluid;  maximum 
outlet  temperature  and  pressure  of  1400°P  and  2500  psi; 
a reciprocating  expander  with  piston-actuated  poppet 
valves;  a shell-and-tube  feedwater  heater;  and  a positive 
displacement  reciprocating,  variable-flow  feedwater  pump 
Diesel  Engine 

Reciprocating  (slider-crank,  4-stroke) , turbocharged 
to  10  psig,  swirl  chamber  (Ricardo  type) , fixed  18  to 
22:1  compression  ratio,  iron  block  and  head,  conventional 
valves  and  valve  actuation 
Criteria  for  Engine  Selection 

The  main  criteria  for  choice  of  an  optimum  powerplant  were  high 
fuel  economy  and  low  emission  of  gaseous  pollutants  from  the  OEE 
vehicle.  According  to  the  JPL  analysis,  the  Stirling  and  both 
Bray ton  powerplants  excelled  in  both  economy  and  emissions;  and  — 
since  the  choice  was  not  refined  to  win,  place,  and  show  — a tradeoff 
of  the  two  criteria  was  not  required.  After  the  choices  were  made. 
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analyses  were  developed  to  see  if  all  selected  powerplants  meet  the 
requirements  of : 

Powerplant  safety 
Manufacturability 
Material  availability 
Fuel  availability 
Customer  acceptance 
Ownership  cost 

Reasonable  introduction  scenario 
None  of  the  prime  alternatives  were  ruled  out  in  this  secondary 
analysis. 

Related  Studies 

The  report  also  considers  subjects  only  loosely  related  to 
the  choice  of  an  automotive  powerplant.  These  include; 

Automobile  design 
Automobi  l^use 
Vehicle  and  Highway  safety 
Air  Quality 
Energy  and  Fuels 

These  studies  were  used  to  define  the  arena  in  which  the 
alternate  powerplants  must  compete.  Little-  or  no  new  analysis 
or  insight  is  developed  in  these  areas. 
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JPL  CONCLUSIONS  AND  RECOMMENDATIONS 

The  major  conclusions  of  the  report  with  brief  comments  where  appropriate 
are  listed  below. 

- The  automobile  will  maintain  its  dominant  role  in  personal 
transportation  through  the  foreseeable  future . 

Comment : None 

- The  production  of  over  10  million  vehicles  is  a specialized 

undertaking  that  cannot  accommodate  "overnight"  product 

changes. 

Comment : None 

. ■ — \ 

- The  necessary  materials  of  construction  and  fuel  can  be 
obtained  for  another  generation  of  heat  engines  of  any  of 
the  types  considered,  given  adequate  planning. 

Comment ; None 

- The  financial  resources  required  for  conversion  to  vehicles 
with  alternate  engines  would  be  readily  available  in  our 
economy . 

Comment:  This  statement  is  incorrect  because  of  the  word 

"readily."  Whereas  the  economy  can  support  this  type  of  effort, 
the  decision  of  who  pays,  who  does  the  work,  and  who  reaps 
the  rewards  of  any  success  are  far  from  easy  and  were  not 
adequately  considered  in  this  report. 

7 Automobile  pollutant  emissions  and  — equally  important  — 
emissions  from  other  mobile  and  stationary  sources,  must  be 
controlled  more  stringently  than  at  present,  and  in  a concerted 
manner,  in  order  to  meet  the  National  Primary  Air  Quality 
Standards  through  the  next  decade. 
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Comment ; This  conclusion  properly  emphasizes  the  need  for 
greater  control  on  stationary  sources.  However,  it  is  too 
general  to  be  an  answer  to  the  real-world  questions  of  how 
stringent  and  how  soon.  The  air  quality  chapter  is  slightly 
more  specific  but  still  leaves  more  questions  than  answers. 
Given  some  additional  development,  cars  with  catalytically 
controlled  Otto  engines  do  not  have  to  give  up  fuel  economy 
to  comply  with  the  strictest  legislated  emission  standards. 

In  fact,  some  improvement  in  the  efficiency  of  such  engines 
can  be  obtained  without  relaxation  of  those  emission  standards. 
Comment ; Without  doubt,  this  is  the  most  '-damaging"  con- 
clusion, particularly  when  taken  in  context  with  the  previous 
statement  about  the  need  to  achieve  lower  emissions.  An  easy 
position  to  reach  from  these  two  statements  is  that  since 
some  reduction  is  needed,  and  the  statutory  standards  can  be 
met  with  some  improvement  in  efficiency,  these  should  be 
enforced.  The  caveats  which  go  with  this  statement,  and  which 
are  used  by  JPL  in  defending  it,  are  not  included  in  this 
statement  and  are  only  hinted  at  by  the  mild  statement 
"given  some  additional  development". 

The  additional  development  referred  to  is  a catalytic  exhaust 
treatment  system  - either  three-way  or  dual  bed  - that  is 
so  efficient  that  the  engine  can  run  at  nearly  uncontrolled 
feedgas  levels.  Also,  a system  for  controlling  the  air-fuel 
ratio  as  appropriate  to  obtain  the  required  catalyst 
efficiency  is  needed.  The  body  of  the  report  states  that 
they  can't  predict  when  such  systems  will  be  ready  for 
production  but  they  estimate  1978  to  1980.  Although  not 
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explicitly  stated,  the  general  terminology  uses  introduction 
to  mean  one  engine  line;  therefore,  JPL  is  guessing  that 
it  might  be  as  late  as  1980  before  one  line  of  engines  can 
meet  the  statutory  standards  and  presximably  a year  or  two 
after  that  before  they  all  can.  Obviously,  the  band  of 
uncertainty  in  the  JPL  statement  is  much  wider  than  an  anhi- 
industry  reader  will  appreciate. 

Also,  the  baseline  from  which  an  improvement  is  pre- 
dicted is  not  stated  in  this  conclusion.  The  body  of  the 
report  gives  it  as  1975  model  year,  which  of  course,  is  not 
an  acceptable  objective  from  which  to  get  "some  improvement". 
The  improvement  is  not  qualified  in  the  conclusion,  but  in 
the  body  of  the  report  is  predicted  to  be  only  9 to  10%. 

The  result  is  that  their  projected  "improved"  economy  would 
be  somewhat  worse  than  1976  actual. 

A final  objection  to  this  conclusion  is  their  state- 
ment on  page  60  of  the  Summary  that  "It  will  be  difficult, 
however,  for  larger  cars  using  these  powerplants  to  be 
certified  to  the  0.4  g/mi  NOx  standard  and  the  0.41  g/mi  HC 
standard  at  the  same  time."  Since  the  law  requires  that 
both  standards  be  met,  and  the  certification  procedure 
introduces  scatter  that  must  be  covered  with  a confidence 
allowance,  it's  questionable  whether  the  report  really  pre- 
dicts that  the  standards  can  even  be  met  for  large  cars. 

An  example  of  how  much  different  the  conclusion  could 
sound  and  still  be  in  agreement  with  JPL's  optimistic 
assumptions  is  shown  by  the  following  rewrite: 
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Even  given  continued  concentrated  effort,  large 
cars  using  catalytically  controlled  Otto  engines 
may  not  be  able  to  comply  with  the  strictest 
legislated  standard  for  HC  and  NOx  even  if  they  are 
postponed  until  1980  and  even  accepting  a fuel  economy^ 
loss  relative  to  the  cars  that  could  be  built  without 
such  stringent  emission  controls. 

Based  on  JPL's  conclusions,  they  recommend  the  following: 

"Begin  immediately  the  rapid  implementation  of  design 
changes  to  the  car  itself  which  can  significantly  reduce 
fuel  consumption,  independent  of  the  kind  of  engine  used. 
Concurrently,  accelerate  and  direct  the  development  of  two 
particularly  promising  alternative  engines  - the  Brayton 
and  Stirling  engines  - until  one  or  both  can  be  mass  pro- 
duced, with  introduction  in  the  improved  cars  targeted  for 
1985  or  sooner.  In  the  interim,  press  the  development  of 
the  conventional  Otto  engine  to  its  limits . " 

Comment : The  direction  stated  in  this  recommendation  is 

exactly  that  being  taken  by  Ford  Motor,  so  there  is  no 
reason  to  object  to  the  statement.  However,  the 
implications  behind  it  are  not  so  agreeable.  The  financial 
commitment  that  JPL  thinks  we  snould  make  is  excessive  and 
the  speed  with  which  they  expect  results  is  unreasonable. 

JPL  partly  blunts  the  resource  requirement  by  suggesting 
the  work  on  stratif ied-charge  Otto  engines  and  on  electric 
and  hybrid  vehicles  should  be  de-emphasized,  a very  hazardous 
course  of  action. 
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JPL*s  willingness  to  effectively  drop  intermediate 
technology  alternate  engines  and  pursue  the  long  range 
alternatives  stem  from  their  conclusion  that  . 
the  long  r£|ngo  alternatives  can  be  made  practical  in  a 
relatively  short  time  and  will  be  better  than  all 
alternatives  regardless  of  any  reasonable  perturbation 
of  their  analysis.  In  fact,  the  analysis  is  far  from 
infallible  - specifics  will  be  covered  in  the  detailed 
comments  to  follow  r and  the  consequence  of  error  is  so 
extreme  that  the  recommended  course  is  very  risky.  JPL 
can  treat  this  risk  lightly  because  they  don’t  have  a 
financial  stake  in  being  right.  The  safer  position  is 
to  avoid  a commitment  to  any  one  or  two  systems  at  this 
time  and  to  work  on  each  hard  enough  to  generate  the  hard 
data  to  reduce  the  risk  of  a future  decision  to  an 
acceptable  level . 
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UNCERTAINTY  AND  BIAS 

Uncertainty  in  a study  like  this  can  be  excused  and  is  even 
expected  because  everyone  agrees  that  projecting  technology  is 
extremely  difficult.  However,  one  could  hope  that  the  uncertainty 
would  be  minimized  and  quantified  and  that  the  study  would  be  free 
from  bias. 

A few  observations  can  be  made  to  predict  how  any  bias  in 
conclusions  of  a study  of  this  type  are  likely  to  be  determined  by 
♦ what  type  group  does  the  study.  With  the  more  explored 

technology,  many  of  the  features,  that  at  first  exposure  would 
seem  advantageous,  have  been  tried  and  discarded.  Therefore,  the 
prognosticator  is  constrained  to  a rather  narrow  range  of  options. 
In  fact,  it's  surprising  how  constrained  the  JPL  study  was  in 
defining  mature  technology  Otto  and  Diesel  engines.  For  example 
they  assumed  an  iron_engine  and  conservative  peaking  speeds  even 
though  their  analysis  technique  gave  considerable  advantage  to 
low  weight  for  the  required  output.  In  the  group  of  less  explored 
choices,  engines  were  made  differently:  the  Stirling  engine,  for 
example,  assumed  an  aluminum  block,  a ceramic  preheater,  and  an 
aluminum  radiator.  That  is,  for  the  engine  which  has  never  been 
mass  produced  and  almost  never  been  in  an  automobile,  the  invest!- 
gators  felt  free  to  choose  higher  performance  components , pre- 
sumably because  there  was  no  body  of  knowledge  implying  that 
they  weren ' t practical . 
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This  illustrates  how  an  optimistic  prognosticator  takes 
advantage  of  the  *wide  uncertainty  band  of  the  newer  engines  to 
predict  results  near  the  best  side  of  the  rather  wide  uncertainty 
band.  A pessimistic  investigator  presumably  would  do  the  opposite; 
but  technical  people,  particularly  research  people,  are  most 
often  optimists.  That  the  JPL  study  was  affected  by  this  phenomenon 
is  suggested  by  the  fact  that  there  is  very  good  correlation 
between  lack  of  knowledge  about  an  engine  and  high  expectation 
for  the  engine.  The  engine  about  which  JPL  was  most  optimistic 
was  the  SS  Bray ton  {Gas  Turbine) , an  engine  which  has  never  been 
built  in  a configuration  that  comes  even  close  to  the  prediction 
JPL  made  for  it.  The  worst  or  near  worst  was  the  UC  Otto  engine 
about  which  the  most  is  known. 

An  optimistic  bias  is  also  reflected  in  the  way  many  of  the 
peripheral  aspects  of  alternate  engine  performance  were  neglected 
or  pushed  off  to  impact  on  another  attribute  of  the  engine  without 
the  effect  on  the  other  attribute  being  accounted  for.  Examples 
are  the  assumption  that  maintenance  cost  and  safety  would  be 
made  at  least  as  good  as  current  cars  as  a requirement  of  intro- 
duction. However,  neither  performance,  cost,  or  any  other  attribute 
were  compromised  to  account  for  trad,e-offs  that  might  be  necessary 
to  achieve  the  required  safety  and  maintainability.  That  is,  it 
is  taken  on  faith  that  if  problems  are  identified,  they  can  and 
will  be  solved  in  a practical  way  that  does  not  involve  a trade-off. 
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There  are  two  ways  that  could  have  been  used  to  control  the 
optimistic  bias.  The  first,  and  most  obvious,  would  have  been  to 
try  to  relate  the  projections  to  actual  vehicle  data  where  it 
exists  and  quantitatively  account  for  and  try  to  correct 
discrepancies.  Although  JPL  may  have  done  this  to  some  extent, 
it  is  not  documented  in  the  published  report.  Rather,  in  the  case 
of  the  UC  Otto  engined  vehicles,  where  there  is  a great  deal  of 
vehicle  data,  the  vehicle  data  were  used  for  comparison  to  other 
engines,  but  computer  projections  were  not  presented  for  comparison. 
In  the  case  of  the  alternates,  where  there  was  little  vehicle 
data,  the  computer  projections  were  used  and  the  vehicle  data  were 
presented  but  not  subject  to  detailed  comparison.  For  example, 
the  fuel  economy  for  the  current  sixth  generation  Chrysler  FT 
Bray ton  engined  car  was  shown,  and  even  though  it.  is  only  about 
one  half  of  that  pro“j‘ected  for  the  mature  FT  Bray  ton,  the  report 
gives  almost  no  explanation  of  the  difference.  Neither  does  the 
report  show  a projection  using  the  JPL  vehicle  model  with  appropriate 
input  to  describe  the  Chrysler  vehicle  to  see  if  the  JPL  model 
would  accurately  predict  the  low  fuel  economy  measured.  This 
definitely  should  have  been  done. 

A second  approach  to  controlling  optimistic  bias  would  have 
been  to  carry  a risk  factor  or  confidence  value  with  every  major 
decision  or  assumption.  For  example,  if  a compressor  efficiency 
of  90%  were  assumed,  a confidence  of  this  occurring  in  the  time 
frame  would  also  be  assumed.  By  this  means,  ones  enthusiasm  to 


2-27 


77-40 
- 14  - 


predict  a high  efficiency  would  be  tempered  by  a desire  to  maintain 
a high  confidence  level.  The  confidence  level  for  individual 
component  assumptions  could  be  used  to  arrive  at  an  overall  confidence 
level  for  the  synthesized  engine.  A refinement  of  this  technique 
would  be  to  develop  three  sets  of  component  assumptions  matched 
to  high-risk,  medium-risk  and  low-risk  confidence  levels.  This 
would  tend  to  show  the  best  the  engine  might  be  as  well  as 
the  worst  it  might  reasonably  be  expected  to  be.  These  extremes 
would  help  in  making  judgments  about  how  much  R&D  effort  would  be 
justified . 

Although  the  uncertainty  in  predicting  technology  is  large, 
the  uncertainty  of  predicting  costs  is  much  larger  because  it's 
another  "dimension"  removed  from  what  is  known.  Technical  con- 
siderations generate  alternatives. of  configuration  and  material, 
but  cost  considerations  must  consider  alternatives  of  fabrication 
and  assembly  methods  for  each  of  the  technical  alternatives . 

The  cost  estimates  in  the  JPL  report  are  probably  the  most  uncertain, 
and  biased  of  the  values  that  directly  effect  the  conclusion  of 
the  report. 

The  JPL  study  stopped  a step  or  two  short  of  the  analysis 
needed  to  give  direction  to  an  individual  auto  manufacturer.  The 
individual  manufacturer  can't  step  off  from  a recommendation 
that  the  industry  should  pursue  three  alternate  engines  at  the 
maximum  effective  funding  level.  An  individual  manufacturer  could 


2-28 


77-40 
- 15  - 

probably  only  pursue  one  (or  at  best  two)  of  these;  therefore, 
the  question  avoided  by  JPL,  of  which  of  the  three  is  most  likely 
to  succeed,  is  critical.  No  manufacturer  can  afford  to  put  the 
major  part  of  his  money  into  a second  best  alternative  when 
competitors  are  working  on  the  first  best  alternative. 

Considering  what  might  be  involved  in  narrowing  down  the 
choices  brings  up  the  problem  of  regulatory  and  nontechnical 
influences  which  were  largely  neglected  by  JPL.  Nor  example,  based 
on  JPL  predictions,  the  Stirling  engine  gets  the  best  fuel  economy, 
but,  because  of  its  higher  cost,  has  a higher  ownership  cost  and 
would  be  less  attractive  to  the  customer,  under  the  JPL  assump- 
tion that  decisions  are  made  on  logical  technical  and  financial 
basis,  the  SS  Brayton  looks  the  best.  However,  if  fuel  economy 
standards  are  legislated,  or  if  fuel  is  rationed,  the  Stirling 
engine  could  move  into  the  niiraber  one  slot.  If  a tight  economy 
makes  minimum  initial  cost  more  important  than  lifetime  cost  of 
ownership,  the  Otto  engine  might  still  be  preferred  ~ particularly 
for  smaller  cars.  These  regulatory  and  other  nontechnical 
influences  are  outside  of  the  technical  and  financial  factors 
considered  by  JPL  but  are  an  important  part  of  the  real-world  input 
to  the  corporate  decision  process. 

The  recommendations  made  were  for  the  average,  general 
purpose  vehicle,  but  the  advantages  for  the  alternate  engines  did 
vary  as  functions  of  vehicle  size  or  engine  power.  For  example, 
the  small  vehicle  receives  much  less  advantage  from  the  use  of 
an  alternate  engine  since  the  financial  impact  of  an-  improvement 
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in  fuel  efficiency  is  small  when  the  base  fuel  consumption  is 
low.  Therefore,  the  recommendation  to  go  all  out  for  certain 
alternate  engines  is  of  questionable  applicability  to  this  segment 
of  the  market.  The  detail  of  engine  models,  integration  of  models, 
use  in  trucks,  etc.  was  not  covered  by  JPL  but  is  very  important 
in  planning  a future  product/engine  program. 
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OPEN  QUESTIONS 

The  JPL  report  will  increase  in  value  if  the  analysis  can 
continue  to  be  developed  and  can  be  made  responsive  to  new  data 
and  questions.  What  is  needed  is  a living,  maturing  analysis  of 
this  very  critical  subject. 

Some  of  the  questions  which  should  be  answered  are: 

1.  How  are  results  changed  if  optimized  engine  torque 
curves  and  transmission  characteristics  are  assumed?' 

2.  How  are  the  results  changed  by  adding  additional  measures 
of  vehicle  performance  such  as  0-4  sec.  distance,  high 
speed  passing,  and  hill  climbing  to  be  met? 

3.  How  would  the  recommendations  be  affected  by  inclusion 
of  possible  legislative  and  other  major  nontechnical 
assumptions? 

4.  How  would  the  availability  of  industry  funds  for  alter- 
native e^gj-nes  be  affected  by  the  need  for  funds  to  do 
the  recommended  work  on  vehicle  design,  transmissions, 
batteries,  and  emission  treatment  for  Otto  engines? 

5.  What  are  the  specifics  of  the  calibration  for  the  Otto- 
engined  system  which  JPL  expects  will  meet  the  most 
stringent  statutory  emission  standards  and  still  give 
improved  fuel  economy?  The  most  critical  question  is 
how  the  full-sized  (large)'  car  can  reach  HC  emission 
levels  low  enough  that  certification  can  be  predicted 
with  reasonable  confidence  when  using  a non- lean  calibra- 
tion, as  required  by  the  NOj^  catalyst. 
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6.  How  would  the  relative  positions  of  the  lower- cost 
alternative  engines  be  affected  if  they  were  modified 
to  include  higher  cost,  more  advanced  technology,  such 
as  variable  valve  timing? 

7.  Wliat  would  be  the  overall  probability  of  success  for  the 
prime  alternate  engines  if  confidence  levels  were  assigned 
to  every  major  component  assumption? 

8.  Do  JPL's  projection  techniques  predict  the  performance 
of  actual  vehicles  when  the  component  characteristics 

of  the  real  vehicles  are  used  as  input?  The  Chrysler  gas 
turbine  car  is  a case  in  point. 

9.  What  would  be  the  consequences  for  the  total  auto  industry^ 

• an  individual  manufacturer,  and  the  economy  if  the 

recommended  action  were  taken  and  none  of  the  alternatives 
were  successful? 

10.  How  are  the  total  customer  costs  of  the  alternate -engined 
vehicles  affected  by  inclusion  of  the  research,  development, 
and  engineering  costs  in  the  cost  calculation? 

11.  Once  an  alternate  engine  program  is  started,  what 
criteria  can  be  used  to  decide  if  it  should  be  continued 
or  stopped?  What  should  the  minimum  efficiency  and 
maximum  cost  objectives  vs  time  be  in  order  to  continue 
the  program? 

12.  How  is  the  analysis  changed  by  allowing  for  a vehicle 
population  which  is  heterogeneous  in  a dimension  other 

than  size  for  example,  if  short-range  (commuter  cars) 
and  long-range  (general  purpose  cars)  were  assumed  to 
coexist  in  near  equal  numbers? 
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13.  What  size  vehicle  should  receive  an  alternate  engine 
for  the  most  benefit  from  a societal  view?  From  the 
manufacturer's  view? 
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CHAPTER  DISCUSSIONS 

The  following  discussion  will  consider  each  chapter  of  the 

report  in  turn  in  order  to  go  into  more  detail  and  be  more  specific 

on  areas  of  disagreement.  The  discussion  of  each  chapter  will 

start  out  with  the  apparent  chapter  objective,  that  is,  what  JPL 

wanted  it  to  contribute  to  the  overall  report,  then  consider  the 

important  results  and  the  Ford  view  of  them.  Further  comments 
’ « 

on  some  of  the  chapters  are  contained  in  the  appendixes  to  this 
critique . 

CHAPTER  1 

Introduction  only  - no  comments. 

CHAPTER  2 - Fundamental  Considerations  of  Heat  Engines  for 

Automotive  Propulsion 

'This  chapter  deals  with  the  basic  thermodynamic  relations 
which  establish  the  efficiency  potential  of  the  various  heat  engines 
considered  when  temperature  or  compression  ratio  limits  are  assumed 
based  on  material  or  fuel  limitations . Next  they  generate  the 
expected  brake  efficiency  based  on  inherent  real-world  limitations, 
data,  and  judgement.  It  turns  out  that  only  one  half  to  three 
fourths  of  this  "ideal"  efficiency  is  assumed  as  brake  efficiency 
for  the  various  engines.  This  difference  between  the  theoretical 
and  the  practical  efficiency  is  dependent  to  a great  extent  on  the 
mechanical  configuration  of  the  engine.  Since  the  difference  is 
large,  the  analysis  is  quite  dependent  on  configuration  assumptions 
which  are  arbitrary.  Also  the  theoretical  calculation  is  only  for 
an  optimum  "design  point" . The  fuel  consumption  of  a vehicle  is 
very  much  dependent  on  the  fuel  consumption  at  off-design  conditions. 
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The  biggest  criticism  is  that  the  theoretical  analysis  may 
imply,  to  a greater  extent  that  is  so,  that  the  final  result  is  a 
function  of  irrefutable  natural  laws.  The  final  vehicle  fuel 
consumption  is  only  rather  loosely  related  to  the  theoretical 
considerations  described  in  this  chapter. 

A few  specific  detailed  comments  are  given  in  Appendix  A 
of  this  critique. 

CHAPTER  3 - "The  UC  (Uniform  Charge)  Otto  Automotive  Powerplant 

(Baseline) ” 

In  this  chapter,  the  current  conventional  engine  was  set  up 
as  the  " titleholder"  which  all "challengers"  must  meet.  The 
characteristics  of  the  engine  that  establish  its  fuel  economy  and 
emission  potential  and  its  limited  fuel  acceptability  were  dis- 
cussed. It  seems  this  chapter  both  overestimates  and  underestimates 
the  potential  of  this  engine. 

The  near-term  or  mature  technology  as  defined  is  overestimated 
in  terms  of  fuel  economy  at  low  emission.  As  pointed  out  in  an  earlier 
section,  JPL  concluded  that  the  engine  can  meet  0.41/3.4/0.4  emiss- 
ion standards  and  still  give  improved  engine  efficiency.  This  is  a 
result  of  anticipating  very  rapid  improvement  in  3 -way  catalyst 
technology  to  80%  conversion  for  all  three  pollutants  and  crediting 
too  much  improvement  to  advanced  induction  and  EGR  systems,  particu- 
larly when  used  near  the  stoichiometric  A/F  ratio  required  to 
.make  the  catalyst  work. 
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The  large  gain  expected  from  improved  induction  systems  is  not 
supportable.  Ford  probably  has  more  experience  than  any  other  group 
on  the  advantages  of  sonic  carburetors,  and  this  experience  does  not 
support  the  "up  to  2"  improvement  in  HC  that  JPL  anticipates  based 
on  tests  of  vehicles  which  had  more  than  just  a carburetor  change. 
Further,  the  main  benefit  — extended  lean  operation  — will 
be  much  less  important  at  the  richer  mixtures  that  must  be  used 
with  NOx  reducing  catalysts.  Ford  data  show  that  the  fuel  economy 
loss  experienced  when  the  mixture  is  enriched  from  maximum  economy 
to  stoichiometric  is  about  5 to  7%.  This  is  a loss  due  to  enrich- 
ment and  not  recoverable  by  carburetion. 

The  anticipated  gain  with  optimum  EGR  control  is  also 
exaggerated.  Ford  mapping  data  show  that  even  on  a relatively 
small  car  (2.3l4,  3000  lb.,  automatic)  operated  lean,  there  is  a 
3 percent  economy  loss  associated  with  lowering  the  NOx  down  to 
a 2.0  g/mi  feedgas  to  give  a 0.4  tailpipe  with  an  80%  efficient  NOx 
catalyst.  To  provide  reasonable  confidence  of  certifying,  by 
reducing  the  feedgas  to  1.5  g/rai,  increases  the  fuel  economy 
penalty  to  7%.  Therefore,  with  the  addition  of  a penalty  for  HC 
control,  the  fuel  economy  penalty  from  the  uncontrolled  economy  is 
around  15%  to  20%,  for  a small  car  using  optimum  calibration 
strategy  and  an  80%  effective  converter.  Certainly  by  the  late 
1980  time  period  that  JPL  is  considering  as  likely  introduction  for 
-this  system,  a car  at  carry-over  emission  standards  could  be 
achieving  near  uncontrolled  level  fuel  economy.  In  terms  of  the 
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emission  level  trade-off  with  fuel  economy,  this  is  the  important 
comparison  rather  than  to  the  1975  certification  cars  which  were 
demonstrated  to  be  far  from  optimum  by  the  1976  results. 

JPL  does  not  examine  the  loss  in  fuel  economy  penalty  as  a 
function  of  car  size.  Rather,  they  indicate  a different  emission 
capability  for  the  various  car  sizes.  Since  the  law  is  not 
written  or  administered  this  way,  it  would  have  been  preferable 
to  look  at  fuel  economy  at  a constant  emission  objective,  more 
stringent  than  the  standard. 

The  JPL  statement  on  near-term  Otto-enqine  fuel  economy  will 
be  interpreted  by  many  as  saying  there  is  little  or  no  fuel 
economy  loss  due  to  control  to  the  0.41/3.4/0.4  emission  level. 

This  is  definitely  untrue  even  for  their  mature  system  when  the 

comparison  is  made  to  what  cars  could  be.  If  their  projection  of 

* 

9 to  101  improvement~relative  to  1975  models  were  true,  it  would 
merely  mean  that  at  1975  emission  standards  there  would  be  potential 
for  about  a 25%  improvement  in  fuel  economy  - most  of  which  would 
not  be  available  at  the  more  stringent  standards. 

It  is  unfortunate  that  JPL  did  not  start  with  a base  1975 
vehicle  and  proceed  step-by-step  from  that  base  to  their  mature 
system  and  identify  and  support  the  assumptions  in  each  step.  The 
semi-quantitative  discussion  that  was  used  to  support  the  con- 
clusion was  not  done  accurately.  It  went  something  like  this: 
the  3 -way  catalyst  cars  tested  give  economy  about  equal  to  the 
best  1975  cars;  a 5%  improvement  will  be  assumed  for  the  improved 
induction,  EGR  and  spark  control  systems  for  a total  improvement 
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of  9 to  10%  from  the  average  1975  car.  Evidently  a 4 to  5% 
difference  was  assumed  between  the  average  and  the  best  1975 's. 

Also,  Figure  3-16  shows  the  fuel  consumption  of  the  3-way  systems 
to  be  about  5%  inferior  to  the  best  '75's  instead  of  equal.  It  is 
even  possible  that  some  of  the  3-way  data  are  hot-start  data,  for- which 
fuel  economy  is  about  5%  higher  than  cold-start  data  {e.g.  we  know 
the  Ford  system  listed  in  the  referenced  NAS  report  was  tested  by 
the  hot-start  procedure).  Therefore,  the  "equal"  statement  is 
incorrect  and  should  probably  be  5 to  10%  less.  This  wipes  out  most 
of  the  improvement  projected.  When  asked  specifically  for  this 
type  of  analysis  after  the  report  was  published,  JPL  did  not  provide 
sufficient  information  to  do  a detailed  critique. 

In  contrast  to  the  optimism  on  near-term  performance  of  the 
Otto  engine  is  a pessimism  relative  to  intermediate  and  long-range 
development.  Engine  changes  such  as  variable  valve  timing,  variable 
compression  ratio,  and  ultra- dilute  combustion  were  not  considered 
even  though,  at  the  high  funding  level,  their  development  is  no 
less  likely  and  variable  cost  would  be  no  more  than  the  alternate 
engine  programs  supported.  This  may  partly  be  the  fault  of  the 
auto  industry  for  not  having  the  vision  to  do  more  research  in  these 
areas . 

Some  more  specific  objections  and  comments  on  Chapter.. 3 are 
given  in  Appendix  B. 

CHAPTER  4 - The  Intermittent-Combustion  Alternate  Automotive 

Power  Systems 

This  long  and  involved  chapter  covers  a very  broad  range  of 
alternate  engines;  most  notably,  the  lean-burn  Otto  engine,  the 
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Stratif ied~Charge  Otto  engine,  and  the  Diesel  engine.  Within  the 
grou}J  of  stratif icd- charge  engines  are  the  two  Ford  is  working  on 
the  three  valve  prochamber  (or  CVCC)  and  the  PROCO.  Because  of  the 
wide  range  of  alternatives  covered,  the  discussion-  dealt  mostly 
with  the  basics  of  pollutant  formation  in  an  intermittent-combustion 
engine  and  described  the  basic  limitations  rather  well.  The 
purpose  was  to  choose  and  characterize  a couple  of  engines  in  this 
category  to  represent  the  category  in  the  engine  comparison. 

The  prechamber  diesel  engine  and  the  open-chamber  direct- 
injected  stratif ied-charge  engines  were  picked  as  best  candidates. 
It's  widely  recognized  that  without  exhaust  treatment  these-  engines 
(and  others  in  this  family)  cannot  achieve  the  statutory  standards 
for  all  three  regulated  gaseous  pollutants  without  an  extreme  loss 
in  fuel  economy  and  power  output. 

The  prechamber “diesel  engine  is  predicted  by  JPL  to  have  the 
ability  to  meet  the  0.41  HC  standard,  at  least  in  vehicles  up  to 
about  3500  lbs.  However,  the  lov7est  NOx  standard  that  can  be  met 
at  that  vehicle  weight  is  1.5  to  2,0  g/mi.  Somewhat  lower  NOx 
data  has  been  reported,  but  JPL  is  correct  in  pointing  out  that  this 
is  not  an  OEE  (Otto  Equivalent  Engine)  and  that  the  NOx  emission 
might  be  higher  with  the  turbocharger  assumed  for  the  mature 
configuration . 

The  stratif ied-charge  (SC)  Otto  engines  are  projected  to  have 
higher  HC  and  CO  emissions  and  therefore  require  oxidation  treat- 
ment to  meet  expected  future  standards.  JPL  correctly  points  out 
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that  "The  use  of  a thermal  reactor  (as  CVCC  does)  for  control  of 
HC  evokes  an  increase  in  fuel  consumption  relative  to  the  use 
of  a catalytic  converter  to  achieve  the  same  HC  control."  JPL 
predicts  10  to  20%  lower  NOx  emission  than  that  from  the  diesel, 
but  still  not  near  low  enough  to  meet  the  0.4  standard.  The  0.4 
standard  has  been  demonstrated  at  low  mileage  with  the  PROCO 
stratified- charge  engine.  ' However,  this  was  accompanied  by  a large 
increase  in  HC  and  fuel  consumption.  JPL  assumed  the  need  for 
calibrations  that  would  minimize  these  increases  at  the  expense 
of  poorer  NOx  control. 

However,  Ford  Research  has  made  some  modif iciations  to  the 
PROCO  process,  such  as  fast-rate  injection,  which  promises  a 15% 
improvement  in  fuel  economy  and  a 50%  reduction  in  NOx  compared  to 
the  data  used  by  JPL.  This  leads  to  a projection  of  20  to  25% 
fuel  economy  improvement  relative  to  a controlled  uniform-charge 
Otto  engine  at  the  .41/3. 4/. 4 emission  level  rather  than  the  7% 
improvement  projected  by  JPL.  Possibly  this  more  optimistic  pro- 
jection for  the  PROCO  engine  would  have  revised  the  JPL  conclusion 
that  this  type  engine  "does  not  offer  enough  advantage  over  the 
improved  conventional  Otto  engine,  in  vehicles  of  equivalent  per- 
formance, to  warrant  their  widespread  introduction  in  general  purpose 
automobiles" . 

Another  reason  for  JPL ' s negative  position  on  PROCO  is 
probably  because  of  fear  that  conversion  to  PROCO  engines  would 
cause  a delay  in  eventual  conversion  to  a Brayton  or  Stirling  engine. 
In  their  words,  "Also,  conversion  of  the  entire  fleet  to  such  an 
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engine  could  further  delay  introduction  of  a Brayton  or  Stirling." 
Compared  to  even  the  "improved"  PROCO,  JPL  would  predict  a fuel 
economy  advantage  of  about  28%  for  the  Stirling  engine.  The  choice 
bol.wofin  intermediate  and  long-range  technology  depends  on  one's 
confidence  that  one  of  the  prime  long  range  alternates  will  "coma 
home"  at  near  the  projected  economy,  cost,  and  emissions  - regulated 
and  unregulated. 

One  Ford  reviewer  stated  that  "We  are  not  sufficiently 
clairvoyant  to  predict  regulated  pollutant  limits  or  whether  or  not 
the  pollutant  of  the  period  will  be  nitroaraines,  carbonyl  sulfide, 
hydrogen  sulfide,  or  a host  of  other  chemical  candidates  to  feel 
secure  enough  to  recommend  only  one  pov/erplant  for  the  future". 
Additional  detailed  comments  are  included  in  Appendix  C. 

CHAPTER  5 - The  Brayton  Automotive  Power -System  (Gas  Turbine 

Engine) 

This  chapter  discusses  two  of  the  three  alternative  powerplants 
which  JPL  feels  should  be  given  the  major  attention,  namely,  the 
two  Brayton- cycle  engines  - the  single  shaft  (SS)  , and  the  free 
turbine  (FT) , 

The  Ford  turbine  research  group  has  also  made  projections  on 
the  SS  turbine  engine  as  a vehicle  powerplant..  Although  the  Ford 
projections  were  for  a vehicle  designed  to  somewhat  different 
objectives,  the  results  essentially  support  the  JPL  results  with 
some  minor  differences  as  follows: 
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JPL  expects  sizeable  weight  saving,  whereas  Ford  feels 
the  turbine  engine  will  be  as  heavy  as  the  piston  engine 
it  replaces. 

Ford  projects  slightly  bettor  0-60  mph  acceleration, 
but  anticipates  a problem  with  0-4  sec.  distance  because 
of  the  response  lag  of  the  turbine.  JPL  did  not  cal- 
culate this  measure  of  performance. 

Ford  also  projects  25%  better  fuel  economy  than  JPL. 

The  reasons  for  this  includes  higher  projected  component 
efficiency,  low  installed  horsepower,  and  a larger  and 
therefore  more-efficient  regenerator.  The  larger  regenerator 
is  partly  responsible  for  the  greater  weight  projected  by 
Ford. 

Ford  believes  that  the  JPL  projection  of  "approximately 
equal  cost  to  a treated  piston  engine"  is  slightly  low 
for  a nearly  all-metal- hot-part  engine.  Internal  projections 
are  that  this  lower  cost  level, would  require  the  use  of 
ceramic  stationary  hot  parts. 

Ford  feels  that  start  of  production  in  1985  is  conservative 
for  the  metal  mature -technology  turbine. 

In  Ford's  opinion,  the  transmission  to  use  with  the  SS 
turbine  is  a variable -stator  torque  converter  ahead  of  a 
conventional  three-speed  automatic  gear  set.  JPL  seems 
unsure  of  what  should  be  used  and  mentions  six  or  more 
possibilities  but  do  base  their  projection  on  the  variable- 
stator  torque  converter  type. 
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However,  one  must  be  cautioned  against  translating  the 
relatively  close  agreement  of  the  Jl’L  and  Ford  studies  into  proof 
of  accuracy.  It  merely  means  that  both  groups  use  similar  or  off- 
setting input  assumptions  and  used  a similar  quasi- steady-state 
simulation  of  a dynamic  driving  cycle.  A strong  concern  with - 
both  of  these  projects  exists  because  - 

Even  after  six  generations  of  the  Chrysler  FT  turbine, 

•it  is  below  JPL's  projected  fuel  economy  for  a FT  type 
by  a factor  of  about  2. 

The  projections  are  based  on  component*  efficiencies  of 
"handmade"  parts  and  measured  at  steady  state  in  the 
laboratory.  Very  little  is  known  about  how  engine  per- 
formance will  be  affected  by; 

• Coupling  losses,  losses  in  efficiency  due  to  non- 
ideal flow  conditions  in  a tightly  packaged  engine. 
Transient  operation  over  a highly  transient  driving 
cycle  like  the  EPA  urban  cycle.  The  temperature  • 
transients,  particularly  of  the  regenerator,  could 
effect  fuel  economy  significantly. 

* Production  compromises  in  component  design,  "for  reasons 
of  cost  or  durability  of  mass  produced  parts,  may 
deteriorate  performance.  The  GM  truck  turbine  engine  is 
known  to  have  suffered  severely  in  performance  vrhen  turned 
over  to  Detroit  Diesel  for  productionizing. 

There  is  a general  agreement  that  the  SS  Brayton  is  a better 
engine  than  the  FT  Brayton  if  the  continuously  variable  transmission 
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(CVT)  which  it  requires  can  be  made  to  work.  If  the  CVT  is  not 
reasonably  sure,  one  has  to  question  JPL's  recommended  level  of 
expenditure  on  the  intermediate  3S  Hrayton;  and,  if  the  CVT  is 
a sure  thing,  one  must  question  JPL's  recommendation  to  spend 
money  on  a parallel  program  on  the  FT  Bray ton. 

The  fairness  of  assuming  use  of  a CVT  with  the  SS  Brayton  while 
not  giving  the  other  powerplants  benefit  of  an  advanced  transmission 
is  questionable.  It  is  argued  that  the  CVT  for  the  SS  Brayton  is 
state-of-the-art  and  CVT  for  other  engines  is  not.  However,  some 
transmission  improvements  which  are  state-of-the-art  such  as  four- 
speed  automatics  and  five- speed  manuals  were  not  assumed  even  though 
they  would  have  allowed  smaller  engines  for  the  same  performance 
and  in  other  ways  improved  the  fuel  economy  of  the  OEE  vehicle. 

To  compound  the  inequity,  the  development  cost  and  retooling  cost 
for  the  CVT  transmission  was  not  charged  against  the  SS  Brayton. 

The  long-standing  question  of  initial  response  of  the  Brayton 
engine  is  still  unresolved.  Some  experts  think  that  the  FT  Brayton 
would  be  better  than  the  SS  Brayton  and  others  hold  the  opposite  view. 
There  is  some  concern  that  the  acceleration  delay  would  be  excessive 
if  a metal  radial- flow  turbine  were  used;  however,  this  is  JPL's 
assumption  for  the  mature  engine.  Also  the  question  of  fuel  and 
combustor  was  left  unresolved.  Although  the  turbine's  ability  to 
use  a wide  range  of  fuels  is  expected  to  be  an  advantage,  there  is 
reason  to  believe  that  a highly  volatile  low-sulfur  fuel  such  as 
gasoline  wilJL  be  needed  to  avoid  excessive  emission  of  sulfates  and 
other  small  particulates. 

Some  more  detailed  comments  are  included  in  Appendix  D . 
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CHAPTER  6 - The  Stirling  Automotive  Power  System 

This  chapter  discusses  the  Stirling  engine  as  an  automotive 
powerplant  and  concludes  that  it,  along  with  the  two  versions 
of  the  gas  turbine,  should  be  pursued  at  a top  priority  level. 
However,  the  state  of  jcnowledge  for  the  Stirling  engine  as  a 
powerplant  for  an  automobile  is  very  low;  there  has  never  been  a 
near-OEE  vehicle  tested.  Of  course.  Ford  now  has  a prototype 
^•ehicle  under  development  preparatory  to  testing.  This  lack  of 
vehicle  experience  probably  makes  the  vehicle  projections  on  this 
engine  the  most  risky. 

This  engine  has  the  highest  theoretical  efficiency  at  the 
assumed  operating  conditions  for  a mature  technology  engine , bxit 
by  only  a very  small  margin  over  the  Brayton  engine.  Because  it 
is  projected  to  be  able  to  more  nearly  realize  its  theoretical 
efficiency  than  the  Brayton,  the  mature  engine  efficiency  is  nearly 
10%  better  than  the  mature  Brayton.  In  advanced  configuration,  the 
higher  temperature  limit  helps  the  Brayton  moire  than  the  Stirling, 
so  that  an  advantage  of  about  10%  in  vehicle  fuel  economy  goes  to 
the  SS  Brayton.  Therefore,  the  honor  for  the  most  efficient  engine 

depends  on  such  nebulous  things  as  the  level  of  technoloay,  even 
when  both  are  at  the  same  level,  and  on  the  practical  efficiency 

loss,  that  is  the  loss  from  theoretical  to  actual. 

The  combustion  process  of  the  Stirling  engine  can  be  expected 
to  be  clean  in  terms  of  HC,  CO,  and  NOx  when  EGR  is  employed. 

Bench  testing  of  the  burrier  confirms  this  expectation.  There  is 
still  reason  to  be  concerned  about  particulate  emissions  if' 
droplet  combustion  of  a diesel- type  fuel  rs  used.  Droplet  combusirion 
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may  inherently  produce  emission  of  small  particles  and  even  the 
low  conversion  rate  of  fuel  sulfur  to  sulfate  may  be  excessive 
at  the  current  sulfur  level  of  diesel  fuel.  That  is,  the  engine 
may  not  be  pollution  free  the  next  time  the  emission  regulations 
are  rewritten. 

The  torque  curve  (vs.  speed)  of  the  engine  is  inherently  very 
good  - very  much  better  than  the- unaided  SS  Brayton  and  therefore, 
it  can  be  used  with  conventional  transmissions.  ’ Noise  is  inherently 
low. 

As  might  be  expected,  this  impressive  list  of  attributes  is 
accompanied  by  some  problems.  The  two  major  ones  are  power  density 
and  complexity.  The  complexity  is  partly  the  result  of  action 
taken  to  improve  power  density . 

To  achieve  competitive  power  density  without  giving  away 
efficiency,  the  engine  uses  a "barrel"  design,  a very  high  mean 
pressure,  and  hydrogen  (H2)  as  the  working  fluid.  The  barrel 
design  uses  swashplate  actuation  of  the  pistons  and  lends  itself 
to  a high  ratio  of  swept  volxame  to  engine  block  volume,  ,tt)  the  use 
of  double  acting  pistons,  and  to  a compact  heater  head.  The 
high  pressure  and  use  of  hydrogen  add  complexity  to 
the  problem  of  working  fluid  containment,  particularly  at  sliding 
seals.  In  any  configuration,  the  heat  transfer  surface  required 
and  the  transient  load  control  are  complex. 

The  currently  favored  method  of  nearly  eliminating  leakage 
at  sliding  seals  is  the  rollsock  seal.  This  seal  must  be  backed  up 
by  oil.  This  seal  system  alone  is  enough  to  discourage 
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production  application,  particularly  since  a failure  of  a seal 
immobilizes  the  engine  and  requires  a complete  teardown  for 
replacement.  JPL  recognizes  that  this  problem  by  saying  "The 
question  of  a production  type  rod  seal  has  yet  to  be  seriously 
addressed."  Very  recently-,  a near-zero -leakage  sliding- type  c-e'  l 
that  should  olimiuatc  this  complexity  has  l^eon  successfully  test:  u 
There  are  five  heat  transfer  interfaces  in  the  Stirliivj 
engine.  Two  of  these  are  basic  to  the  operation  of  a Stirling  ersq 
and  the  other  three  are  needed  for  reasons  of  efficiency  or  con- 
venience. This  extensive  requirement  for  heat  transfer  surface 
with  its  attendant  cost-volume-ef f iciency  trade-off  is  a major 
disadvantage  of  the  Stirling  engine.  The. five  interfaces  are  as 
follows : 

1-  Prom  combustor  exhaust  gas  to  combustor  inlet  air. 

A ceramic  rotating  regenerator  is  assumed. 

2.  Prom  combustion  products  to  the  working  fluid  in  the 
heater  head.  A superalloy  partially  finned  tube 
construction  is  assumed. 

3.  From  hot  working  fluid  to  the  internal  regenerators  for 
subsequent  return  to  the  working  fluid  during  the  next 
cycle.  A porous  metal  monolith  is  assumed,  but  the 
current  Philips  engine  uses  a stack  of  stainless  steel 

I 

screen. 

4.  Prom  the  working  fluid  to  the  sink  for  rejected  heaf  or 
more  accurately  to  an  intermediate  heat  transfer  fluid. 

A bundle  of  cooler  tubes  surrounded  by  cooling  water  is 
assumed. 
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5.  From  the  cooling  water  to  the  ambient  air.  This  is  the 
largest  heat  transfer ' surf ace  because  the  A T between 
ambient  air  and  cooling  water  must  be  kept  low  to  maintain 
the  efficiency  and,  since  one  side  of  the  surface  is  a 
gas  side,  the  heat  transfer  coefficient  is  low.  Fifty- 
five  pounds  of  aluminum  alloy  are  assumed  to  be  required 
for  this  component. 

The  final  major  system  that  stands  out  as  complex  is  the  load 
control  system.  Actually  this  could  be  further  divided  into  the 
control  of  power  output  at  a near- constant  heater-head  temperature 
and  the  control  of  fuel  and  air  to  the  combustor  to  maintain  a 
near-constant  heater-head  temperature.  The  later  is  fairly  con- 
ventional ■ combustor  control  based  on  the  signal  from  four  thermo- 
couples in  the  heater  head.  Control  of  the  engine  output  is  more 
complicated  and  still_in  an  early  state  of  development.  The  most 
efficient  way  of  controlling  load  is  to  vary  the  mean  working 
pressure.  However,  this  requires  pumping  working  fluid  either  in 
or  out  of  the  engine  from  or  to  an  external  receiver;  with  a reason- 
able size  pump,  this  process  is  too  slow  to  follow  vehicle  transients. 
Therefore,  this  control  must  be  augmented  temporarily  by  either  dead- 
volume  control  or  bypass  control  or  a combination  of  both.  The  JPL 
report  assumes  the  use  of  dead- volume  control,  but  the  Ford/Philips 
(F/P)  engine  uses  bypass  control.  Bypass  control  is  very  inefficient 
and  therefore,  the  time  it  is  used  must  be  minimized.  The  F/P  engine 
does  this  by  a design  that  causes  the  first  half  of  the  load  change 
to  occur  based  on  allowing  equalization  of  a pre-existing  pressure 
difference. 
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Because  the  mass  of  working  fluid  is  held  constant,-  the 
external  receiver  automatically  takes  on  a pressure  opposite  in 
magnitude  to  the  mean  pressu’re  of  the  engine.  That  is,  when 
engine  pressure  is  high  the  receiver  pressure  is  low  because 
nearly  all  the  H2  has  been  pumped  out  of  it  into  the  engine;  con- 
versely, when  the  engine  pressure  is  low,  the  receiver  pressure  has 
to  be  high.  Therefore,  a high  load  (high  engine  pressure)  con- 
dition can  he  dropped  by  letting  H2  escape  from  the  engine  to  the 
receiver  until  the  pressure  balances  and  a low  load  condition  (low 
engine  pressure)  can  be  picked'  up  by  letting  H2  flov/  from  the 
receiver  to  the  engine  until  the  pressures  equalize.  Of  course, 
once  the  pressure  equalizes,  pumping  must  begin  to  complete  -the 
load  change.  In  the  meantime,  bypass  or  dead- volume  control  can 
be  used  to  further  decrease  load;  a further  increase  has  to  wait 
fof  the  pumping  process.  The  transfer  of  from  the  receiver  to 
the  engine  must  be  timed  to  add  the  H2  at  the  proper  time  in  the 
working  cycle  of  eaoh  of  -fhe  four  working  volumes.  Entry  at  the 
wrong  time  can  temporarily  decrease  engine  output. 

The  above  4is°U6sion  is  intended  to  convey  the  degree  of 
complexity  and  the  number  of  new  systems  for  which  manufacturability 
must  be  established  and  that  must  be  developed  through  successive 
generations  to  be  durable,  maintainable,  low  cost,  etc-.  For  this 
reason,  even  th®  better  alternate  engines  must  be  thought  of  as 
"long  shots"  - deserving  of  .continued  development  but  not  to  be 
relied  on  at  the  exclusion  of  other  alternatives.  , 
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CHAPTER  7 - The  Rankine  Automotive  Power  System 

This  chapter  considered  a range  of  Rankine  or  Steam  engine 
types  that  have  been  proposed  for  vehicle  use  and  chose  a representa- 
tive one  for  inclusion  in  the  alternatives  to  be  compared.  JPL 
investigators  conclude,  as  do  most  technical  people  other  than  those 
associated  with  a Rankine  engine  project,  that  this  system  would  be  a 
very  poor  choice  for  automotive  use.  It  has  the  disadvantages  of 
high  cost,  weight,  and  complexity  without  the  compensating  virtue  of 
fuel  economy.  It  does  have  virtues  of  good  torque  characteristics, 
potentially  low  noise,  and  low  regulated  exhaust  emissions,  but  these 
are  not  too  important  without  high  fuel  economy.  Specifically  JPL 
predicts  that,  at  the  mature  level  of  technology,  the  Rankine  engine 
would  have  the  poorest  fuel  economy  of  the  seven  engines  considered. 
At  the  advanced  technology  level,  it  would  still  be  second  from  last. 
The  poor  theoretical  efficiency  is  explained  as  being  basic  to  the 
cycle  so  that  only  if  the  practical  efficiency  loss  could  be  made 
very  low,  (actual  efficiency  very  close  to  the  theoretical  efficiency) 
would  this  be  an  attractive  engine.  The  steam  engine  proponents 
claim  that  new  cycles  using  reheat,  among  other  modifications,  will 
overcome  this  efficiency  problem.  However,  the  additional  complex- 
ity will  further  decrease  its  attractiveness  from  other  standpoints. 

The  most  important  observation  relative  to  this  engine  is  to 
note  how  rapidly  a "top  contender"  can  become  an  "also  ran"  in  the 
technical  race  to  replace  the  Otto  engine.  Not  more  than  three  or 
four  years  ago,  this  engine  was  tops  in  the  plans  of  EPA  and 
receiving  rave  reviews  in  the  popular  press.  Fortunately,  this 
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misplaced  enthusiasm  was  not  allowed  to  precipitate  a massive 
commitment  of  industry  funds  to  this  engine  or  legislation  requiring 
a commitment.  • A program  funding  level  much  below  that  recommended 
by  JPL  was  enough  to  uncover  the  shortcomings  of  the  engine.  Simi- 
larily,  a low  profile  on  the  current  top,  but  unproven,  alternatives 
may.  be  the  best  course  of  action. 

CHAPTER  8 - Electric  Vehicles 

This  chapter  on  electric  vehicles  reached  the  conclusion  that 
with  current  technology,  even  developed  to  a mature  status,  the 
electric  vehicle  could  not  compete  with  the  liquid-fueled  vehicle 
for  general  purpose,  personal  transportation.  The  single  roadblock 
to  effective  competition  is  lack  of  a battery  that  fulfills  all  the 
requirements.  This  is  a generally  accepted  position  within  Ford 
and  the  auto  industry.  The  bulk  of  any  research  funds  for  electric 
vehicles  must  go  toward  development  of  the  high-output  batteries. 

The  concise  statement  of  conclusions  did  not  make  it  clear 
enough  that  electrics  were  not  being  ruled  out,  either,  in  the  very 
long  term  when  liquid  fuel  may  not  be  available  or  in  the  nearer 
term  for  special-purpose  vehicles.  There  were  strong  objections 
to  the  relatively  low  quality  of  the  technical  discussion  of  elec- 
tric vehicles  even  though  the  overall  conclusion  was  not  affected. 

These  specific  objections  are  given  in  Appendix  D. 

CHAPTER  9 - Hybrid  Vehicles 

\ 

The  objective  of  this  chapter  was  to  determine  the  potential 
of  the  hybrid  vehicle  concept  to  reduce  fuel  conshmption  at  required 
emission  and  performance  levels.  A hybrid  vehicle  is  defined  in 
this  report  as  one  which  has  a reversible  energy  storage  system  on 
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board.  Technically,  this  includes  the  simple  electric  vehicle  discussed, 
in  the  previous  chapter.  The  total  number  of  alternatives  to  con- 
sider within  this  general  definition  is  enormous  because  of  the 
multi-dimensional  nature  of  the  grid  of  alternatives.  The  major 
dimensions  and  some  of  the  alternatives  in  each  are  as  follows: 

Prime  power  source 

Any  of  the  alternate  heat  engines 
already  discussed 
Operating  mode  of  power  source 
Single  point  (on,  off) 

Constant  speed,  variable  load 
Constant  load,  variable  speed 
Variable  speed  and  load 
Energy  storage  media 
Batteries 
- Flywheel 

Compressed  gas 
Energy  storage  capacity 
All  urban  operation 
Acceleration  augmentation 
Basic  drivetrain  design 
Series 
Parallel 

The  large  number  of  combinations  as  well  as  time  constraints 
on  the  study  may  be  responsible  for  some  of  the  detail  errors' 
that  appear  in  this  chapter.  A more  general  objection  to  this 
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chapter  is  that  the  analysis  deviated  from  the  OEE  concept  of  com- 
paring OEE  vehicles,  which  was, developed  and  used  for  the  heat 
engines  and  was  not  used  for  the  hybrids.  Neither  were  the  EPA  urban 
and  highway  cycles  used  as  driving  cycles  for  this  evaluation. 

Nevertheless,  some  very  worthwhile  insights  were  developed 
which  allowed  the  hybrid  vehicle  to  be  put  in  broad  perspective. 

JPL  pointed  out  that  improved  fuel  economy  for  hybrids  generally 
comes  from  two  areas:  (1)  improved  heat  engine  load  factor  and 

(2)  regenerative  braking;  The  trick  is  to  keep  the  lower  than 
normal  efficiency  of  the  complicated  "drivetrain"  and  the  increased 
weight  of  the  energy  storage  system  from  severely  eroding  these 
inherent  gains.  The  bigger  of  the  gains  under  all  except  extremely 
transient  driving--the  improved  load  factor--also  can  theoretically 
be  achieved  with  continuously  variable  transmissions.  The  analysis 
suggests  that  if  both  alternatives  existed  (CVT  and  hybrid  power- 
train)  , the  CVT  would  be  best  for  highway  driving  and  the  hybrid 
best  for  severe  urban  driving.  The  crossover  point  cannot  be 
quantified  with  current  knowledge , but  the  EPA  urban  driving  cycle 
is  probably  transient  enough  to  give  an  advantage  to  a hybrid 
system. 

Rated  against  the  JPL  mission  of  finding  a powerplant  for 
general  purpose  cars,  hybrid  was  down-rated  because  the  small  heat 
engine  would  not  give  the  vehicle  sustained  hill  climbing  ability. 
This  would  not  be  a problem  in  certain  special  applications  such  as 
a city  delivery  truck. 
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CHAPTER  10  - Vehicle  Systems 

One  purpose  of  this  chapter  is  to  explain  the  vehicle 
simulation  technique  used  by  JPL  to  calculate  performance  of  OEE 
vehicles  and  to  use  this  model  to  show  the  importance  of  con- 
sidering the  vehicle  as  a complete  system.  Probably  the  most 
important  point  made  is  the  obvious  but  frequently  neglected  one, 
that  a fair  comparison  of  alternate  powerplants  must  be  based  on 
vehicles  capable  of  performing  their  transportation  function  in  a 
nearly  identical  way  or  at  least  so  as  to  be  equally  satisfactory 
to  the  user.  That  is,  they  must  be  matched  in  accommodation  space, 
mobility,  performance,  range,  exhaust  emissions,  and  comfort  features. 

Because  fuel  economy  is  of  very  high  societal  importance,  the 
approach  was  to  allow  projected  powertrain  differences  to  show- up 
as  fuel  economy  differences  after  all  other  criteria  had  been 
equalized.  A study  could  be  made  in  which  fuel  economy  is  equalized 
for  all  the  alternatives  and  one  of  the  other  criteria,  such  as 
performance,  allowed  to  vary.  It's  worth  noting  that  the  relative 

position  of  the  alternatives  ranked  according  to  the  criteria 
allowed  to  float  depends  to  some  extent  on  the  magnitude  of  the 
other  criteria  to  which  the  alternatives  are  normalized.  For 
example,  had  the  comparison  been  made  at  a much  lower  performance 
level,  the  low- specif ic-output  engin^ks,  such  as  the  Diesel,  would 
look  more  attractive,  and  the  engines  that  scale  down  poorly,  like 
the  gas  turbine,  would  look  less  attractive.  JPL  was  realistic  in 

assuming  a performance  level  close  to  that  of  current  cars. 
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The  concept  of  the  analysis  is  sound,-  and  most  of  the  con- 
straints put  on  the  vehicle  were  well  chosen.  However,  the  choice 
of  0-60  acceleration  time  and  0-10  sec.  distance  as  the  two 
measures  of  acceleration  was  unfortunate.  These  are  typically 
too  close  together  on  the  time -distance  curve  to  define  much  of  the 
performance  function.  It  would  have  been  better  if  a measure  of 
initial  response,  such  as  distance  in  four  seconds,  had  been  included. 
Also,  no  accounting  was  made  of  high-speed  passing,  hill  climbing 
ability  or  other  sustained  high-load  operation.  If  more  measures 
of  performance  had  been  considered,  it  would  have  been  necessary 
to  determine  trade-off  relations  to  equalize  an  importance-weighted 
performance  index  of  some  kind. 

It's  worth  emphasizing  that  this  approach  is  not  intended  to 
lead  to  comparison  of  vehicles  at  equal  horsepower  and  equal  weight, 
but  rather  vehicles  with  equal  acceleration  and  equal  passenger 
accoirimodations . 

It  appears  that  the  fuel  economy  calculated  for  the 
alternatives  can  be  rather  sensitive  to  the  power  vs.  vehicle  speed 
curve  used  for  each  engine/ transmission/shift-schedule/axle-ratio 
combination.  A drivetrain  with  a "fat"  power  curve  can  achieve 
the  standard  acceleration  rate  with  less  installed  horsepower  than 
one  with  a less  fat  power  curve.  Lower  horsepower  means  lov;er 
engine  and  lower  total  vehicle  weight;  this  saves  fuel.  The 
smaller  engine  also  operates  at  a higher  load  factor  during  the 
cruise  modes  and  has  a lower  fuel  consumption  at  idle  - additional 
savings  in  fuel.  The  report  did  not  explore  this  sensitivity  in 
a comprehensive  way. 
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If  the  sensitivity  is  as  significant  as  expected,  more 
attention  should  have  been  given  to  optimizing  the  drivetrain 
for  each  engine.  Based  on  the  report  and  conversation  with  JPL 
investigators,  the  calculations  were  done  rather  far  from  optimum 
for  many  of  the  engines.  The  shift  speeds  used  were  said  to  be 
90%  of  maximum  engine  speed.  Therefore,  for  the  engines  shown 
in  Figure  10-1  to  have  their  peak  power  at  100%  speed,  the 
maximum  power  is  never  used,  and  the  shifts  would  drop  the  speed 
so  low  that  power  would  be  drastically  reduced.  What  one  calls 
100%  of  speed  is  rather  arbitrary.  The  power  curves  used  (Figure  10-1) 
generally  defined  100%  speed  as  the  peak  power  point  except  in  the 
case  of  the  FT  Brayton  where  the  100%  speed  point  is  shown  as  more 
than  20%  above  the  peak  power  point  speed.  Most  reciprocating 
engines  also  reach  peak  power  at  a speed  below  the  maximvim  safe 
operating  speed  by  10%  at  least.  If  the  data  for  these  engines 
had  been  plotted  with  peak  power  at  90%  speed,  this  would  give 
the  effect  of  a fatter  power  curve  and  presumcibly  improve  the 
performance  so  as  to  allow  a smaller  engine.  JPL  defends  their 
non-optimum  analysis  on  the  basis  that  it  was  the  same  for  all 
engines  and  still  gives  an  accurate  relative  comparison;  however, 
the  two  gas  turbine  engines  were  not  disadvantaged  by  the  chosen 
power-speed  curve.  The  correct  technique  would  be  to  show  the 
power  curve  to  a 100%  speed  point  equal  to  the  maximum  safe 
.operating  speed  and  then  by  iteration  arrive  at  overall  drive  ratios 
and  shift  points  to  maximize  fuel  economy  of  the  OEE  vehicle. 
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Another  drivetrain  optimization  decision  which  should  have 
been  handled  better  is  choice  of  transmission.  JPL's  most 
obvious  deviation  from  a uniform  treatment  was  the  assumption  of  a 
CVT  of  the  variable  starter  torque  converter  (VSTC)  type  on  the 
SS  Brayton  engine.  Certainly  other  engines  would  have  profited 
greatly  by  the  assumption  of  a CVT.  The  reasons  given  for  assuming 
a CVT  in  the  one  instance  were  that  the  SS  turbine  absolutely 
needs  such  a transmission  to  be  practical  and  that  the  relatively 
simple  VSTC  type  may  be  acceptable  for  this  application  whereas 
it  is  not  acceptable  for  general  application  to  the  reciprocating 
engines.  Nevertheless,  one  would  think  that  some  form  of 
transmission  optimization  should  have  been  considered  for  the 
other  engines.  In  contrast,  as  indicated  above,  the  other  heat 
engines  were  attached  to  conventional  four-speed  manual  or  three- 
speed  automatic  transmissions  without  even  optimization  of  power 
curve  definition,  intermediate  gear  ratios,  or  shift  points.  The 
advantage  given  the  SS  Brayton  is  somewhat  compounded  by  the 
assumption  that  the  VSTC  transmission  had  the  same  efficiency  as 
the  conventional  three-speed  automatic.  This  is  probably  not  true 
because  of  the  high  slip  condition  that  exists  over  most  of  the 
operating  conditions.  This  uneven  treatment  of  the  engines  must 
be  kept  in  mind  when  discussing  the  results . 

The  other  main  purpose  of  this  chapter  was  to  use  the  vehicle 
model  to  quantify  the  fuel  saving  possible  with  vehicle  modification 
only.  This  was  used  to  support  JPL*s  recommendation  that  vehicle 
changes  could  be  changed  so  as  to  significantly  reduce  the  fuel 
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consumption  of  Otto-engined  vehicles  until  one  of  the  more  desirable 
alternate  engines  could  be  put  into  production.  Therefore,  this 
chapter  really  contains  two  distinct  .analyses.  The  first  calculates 
how  fuel  consumption  of  current  cars  would  vary  when  the  engine 
only  (engine  and  transmission  in  case  of  the  SS  turbine)  was 
changed  and  the  vehicle  weight  was  adjusted  to  account  for  the 
difference  in  powertrain  weight.  The  second  leaves  the  UC  Otto 
engine  unchanged  and  calculates  the  fuel  consumption  reduction 
possible  with  certain  vehicle  design  changes.  The  changes  assumed 
were ; 

Weight  reduction  by 

exterior  size  reduction  (maintaining  passenger  space) 
materials  substitution 
- V-6  engines 

front-wheel  drive 
Other  changes 

4 -speed  automatic  with  lock-up  or  CVT 
reduced  acceleration  capability 
lower  aerodynamic  drag 

improved  accessories  and  accessory  drives 
The  realism  of  some  of  the  vehicle  modifications  projected 
is  questioned.  Nearly  everything  listed  is  being  actively  pursued, 
and  some  things  are  already  incorporated  in  a first  generation  way. 
.However,  JPL  has  underestimated  ,the  difficulties  involved  in 
implementing  the  new  programs,  in  terms  of  requirements  for  human 
and  financial  resources,  effects  on  manufacturing  facilities. 
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and  changeover  of  suppliers. of  finished  parts  and  raw  materials. 

The  enormous  costs  of  the  changeover  must  be  borne  at  the 
same  time  JPL  would  have  the  industry  dramatically  increase  research 
expenditures  on  alternative  powerplants.  The  two  programs  quite 
possibly  are  incompatible  from  a. funding  standpoint. 

These  changes  must  also  be  considered  from  the  standpoint  of 
marketability.  For  example,  the  increase  in  vehicle  height  that 
JPL  recommends  can  only  be  implemented  if  people  are  willing  to 
accept  the  less  "sporty"  profile.  It's  not  true  that,  as  JPL 
said,  "the  cars  that  get  promoted  get  sold."  It  is  a common 
notion  outside  the  automobile  industry  that  by  some  psychological 
advertising  magic  auto  companies  can  manipulate  customers'  desires 
in  new  cars.  In  the  long  term,  this  is  incorrect.  (If  it  were 
correct,  the  auto  industry  would  never  have  to  drop  car  lines 
because  of  poor  sales  or  ever  have  to  switch  production  facilities 
from  a model  which  isn't  selling  to  one  that  is.)  In  reality,  the 
cars  that  match  consumers ' perceived  needs  get  sold , the  ones  that 
don't  match  , don't  get  sold,  advertising  notwithstanding.  Adver- 
tising can  inform  customers  of  what  you  have  to  sell,  what  you 
believe  are  its  strengths,  and  may  temporarily  result  in  sales 
benefits,  but  over  the  longer  term  it  cannot  make  people  buy  what 
they  don ' t want . 

One  must  also  account  for  the  trade-off  with  other  objectives  — 
for  example,  achievement  of  a low  aerodynamic  drag  coefficient  (0^) 
in  terms  of  weight  and  package.  Sloping  wind  shields  reduce 
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but  add  glass  (weight)  and  can  intrude  on  the  passenger  com- 
partment. 

For  validation  of  the  vehicle  model  to  calculate,  the  fuel 
economy  of  the  cars  for  which  test  data  existed  should  have  been 
calculated  also  for  cpmparison.  An  extensive  discussion  is 
given  about  cold-start  effects  on  economy  and  of  the  difference 
between  fuel  economy  measured  on  the  chassis  dynamometer  and 
actual  road  fuel  economy.  Yet  the  report  is  not  clear,  and 
possibly  not  consistent  in  what  fuel  economy  measures  are  being 
used. 
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CHAPTER  11  - Manufacturability  and  Costs 

Even  though  answers  to  the  technical  questions  of  what  the 
alternate  engines  can  do  is  known  with  only  moderate  accuraby, 
this  is  very  much  better  than  information  on  the  cost.  Technical 
questions  can  be  answered  with  a single  sample  of  an  engine,  the 
cost  question  for  totally  new  components  cannot  be  accurately 
answered  until  processes  have  been  established,  prototype  machines 
have  been  designed,  and  prototype  production  has  established 
machining  speeds,  scrap  rates,  etc.  It  would  seem  impossible  to 
estimate  costs  on  parts  to  be  mass  produced  from  material  for  which 
JPL  had  to  estimate  costs  because  the  material  is  not  yet  mass 
produced . 

More  accurately,  the  cost  question  is  how  to  optimize  the  trade- 
off between  function  and  cost  of  manufacturing.  Modern  computer 
optimization  design  techniques  assure  that  early  cost-is-no-object 
prototypes  will  perform  up  to  the  potential  of  the  engine;  the  risk 
is  that  function  will  have  to  be  sacrificed  when  cost  is  reduced -to 
an  affordable  level.  This  report  uses  the  rather  optimistic  assump- 
tion that  function  will  not  be  compromised  in  arriving  at  a manu- 
* 

facturable  design.  Therefore,  when  developing  cost  data,  one  must 
assume  that  the  final  parts  bear  considerable  resemblance  to  the 
prototype  parts;  therefore,  process  cc^sts  are  likely  to  be  high. 

Certainly  JPL’s  almost  total  reliance  on  material  cost  without 
accounting  for  process  costs  cannot  be  used  to  give  reliable  cost 
estimates.  The  material  costs  do  not  reflect  the  process  labor 
costs  for  special  shapes  such  as  tubing,  castings  and  forgings. 

For  this  reason,  all  material  costs  reflected  in  Table  11-10  where 
JPL  has  multiplied  the  weight  of  the  material  by  the  pound  require- 
ments without  regard  to  material  processing  costs,  are  unrealistically 
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low;  two  glaring  examples  are: 

Superalloy  (Stirling  engine)  usage  is  seven  pounds  times 
$3.70/pound  which  equals  $26.00  (Table  11-10) . This  is 

assumed  to  be  the  tubing  material  for  the  heater  head. 

In  reality,  adding  the  tubing  processing  cost  to  the 
basic  material  cost,  seven  (7)  pounds  of  tubing  would 
cost  approximately  $136.00. 

(b)  Ceramic  (Stirling  engine)  usage  is  15  pounds  times  $1.00/ 
pound  (average)  equals  $15.00  (per  Table  11-8  for  cost 
of  cycle  regenerator  and  cooler) . There  are  no  manufac- 
turing costs  added  to  make  the  ceramic  regenerator;  only 
the  basic  material  costs  were  used. 

In  general,  this  type  analysis  was  used  throughout  the  study  and 
all  processed  material  costs  are  grossly  understated. 

In  this  chapter  (Section  11.2),  JPL  states  that  to  spread 
their  cost  estimates  over  a range  of  engine  sizes,  "material  costs 
are  scaled  directly  with  horsepower.  Labor  costs  vary  with'  three 
factors:  Foundry  labor,  assumed  to  vary  directly  with  weight  of 

material;  assembly  labor,  a function  of  the  nximber  of  pieces  and 
held  constant  due  to  the  assumption  of  design  invariance  with 
horsepower;  and  machining  labor,  a function  of  pieces,"  etc. 

This  assumption  is  not  necessarily  valid  because  no  consideration 
was  given  to  complexity  of  manufacturing  processes  or  assembly 
operations.  The  lack  of  a data  base  from  which  to  develop  cost 
data  on  the  alternatives  shows  the  need  for  manufacturing  develop- 
ment programs  to  interact  with  the  performance  development  programs. 
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In  the  next  section,  JPL  states  that  variable  costs  are  made 
up  of  fixed  labor  and  material.  They  have  failed  to  consider  the 
variable  overhead  as  part  of  variable  costs.  Further,  in  establish- 
ing the  overall  manufacturing  costs,  they  state  that  it  is  160% 
to  180%  of  the  variable  costs.  This  is  extremely  low  and  would  not 
be  a realistic .plant  burden  rate  for  such  a complicated  and  machine 
intensive  manuf acturing  operation. 

There  are  some  additional  cost  related  factors  that  are  hard 
to  quantify  but  should  be  considered  when  comparing  the  alternates 
to  the  current  engine.  Since  the  confidence  of  success  with  an 
alternate  powerplant  is  less  than  100%  and  there  are  other  risks 
such  as  increased  warranty  costs , one  would  expect  that  the  return 
on  investment  should  be  increased  to  compensate  for  the  risk.  Also, 
the  analysis  should  be  adjusted  to  account  for  existing  Otto-engine 
facilities.  The  comparison  is  made  as  if  all  alternatives  required 
totally  new  facilities.  Possibly,  the  unrecovered  value  of  any 
Otto -engine  facilities  that  have  to  be  scrapped  should  be  added  to 
the  capital  cost  of  the  alternate  engine  in  figuring  the  capital 
on  which  a return  must  be  earned.  The  cost  comparison  was  done 

only  at  the  .41/3. 4/. 4 emission  level;  if  the  comparison  were  made 
at  the  higher  NOx  level  which  the  report  states  would  be  sufficient 
for  most  areas  of  the  country,  the  cost  of  the  Otto  engine  would 
be  reduced  in  comparison  to  the  Stirling  and  Brayton  which  have 
less  to  gain  by  relaxation  of  the  emission  requirements. 

All  the  questionable  cost  data  discussed  above  is  summed  to 
give  total  powerplant  cost.  This  total  cost,  being  no  better 
than  its  parts,  is  not  of  sufficient  accuracy  in  absolute  terms  and 
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probably  does  not  show  the  comparison  between  alternate  engines 
with  sufficient  accuracy  to  be  used  to  predict  the  commercial 
success  of  the  recommended  alternates. 


CHAPTER  12  - Alternate  Heat  Engine  Research  and  Development 

The  purpose  of  this  chapter  was  to  identify  critical  research 
and  development  tasks  and  estimate  the  time  and  money  needed  to 
attain  the  goals,  or  if  there  are  any  goals  that  are  not  likely 
to  ever  be  achieved.  The  method  used  was  the  modified  DELPHI 
technique  which  is  an  interactive  estimation  technique.  Time 
did  not  permit  full  application  of  this  technique  to  all  of  the 
R&D  required . 

The  conclusions  reached  are  that  R&D  to  achieve  a prototype, 
ready  to  be  programmed  for  production,  for  either  a mature 
Stirling  or  an  advanced  Bray ton  would  have  a variable  cost  of 
$130  million.  Although  the  technical  comparison  was  on  the  basis 
of  a mature  Bray ton  in  this  Chapter,  JPL  recommends  that  the 
advanced  Brayton  be  researched  because  the  experts  consulted  for 
R&D  costs  and  timing  predicted  a prototype  of  the  advanced  version 
could  be  readied  as  soon  as  the  mature  version,  and  for  very 
little  more  R&D  money.  This  seems  to  be  a weakness  in  the 
^continuity  of  the  report;  it  leaves  one  questioning  whether  the  report 
is  recommending  the  mature  or  the  advanced  Brayton  for  development. 

The  Rankine  R&D  is  shown  as  costing  $260  million,  but  this  is  not 
recommended  for  pursuit.  The  above  figures  are  based  on  pursuing 
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research  programs  at  the  maximum  useful  expenditure  rate  to 
minimize  the  time  (not  the  cost)  to  a preproduction  prototype, 
none  of  these  amounts  include  the  production  engineering,  for 
vhiicli  four  years  is  assumed,  needed  prior  to  initial  mass  pro- 
due  tion , 

Another  cause  for  concern  is  that  completion  of  a task  is 
taken  as  the  75%  confidence  level;  this  seems  overly  optimistic 
to  assume  that  such  a low  level  of  confidence  is  indicative  of 
success.  Exactly  how  this  confidence  level  is  calculated  is  not 
clear;  conventional  statistics  would  say  that  probability  of  a 
prototype  engine  would  be  the , combined  probability  of  its  major 
components.  However,  if  this  calculation  is  performed  for  the 
mature  Stirling  engine  using  the  probabilities  shown  in  Figure  12-3 
there  is  inconsistency  between  the  combined  component  probabilities 
calculated  as  55%  and  the  total  engine  probability  shown  as  82%. 

The  combined  probability  calculation  is  shown  in  Appendix  F. 

Based  on  these  required  amounts  for  alternate  engine  R&B 
and  the  industry's  expenditure  for  powertrains  as  reported  in 
Applications  for  Suspension  of  the  1976  Automobile  Exhaust  Emissions 
Standards,  the  study  team  concludes  that  "While  it  is  beyond  the 
scope  of  this  chapter  to  say  who  should  pay  for  the  R&D,  there 
seems  to  be  little  doubt  that  the  industry  itself  can  pay  for 
it  - in  its  entirety  (which  includes  the  necessary  ceramics  R&D)." 
This  conclusion  seems  completely  unrealistic  because  it  ignores 
the  large  capital  requirements  for  the  vehicle  and  drivetrain 
improvements  which  the  industry  is  already  pursuing  and  which  the 
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JPL  report  supports.  An  individual  company  cannot  be  expected  to 
jeopardize  its  near-term  competitiveness  by  falling  behind  relative 
to  customer  preference  or,  even  worse,  failing  to  meet  government- 
mandated  emission  requirements  and  our  voluntary  commitment  to  a 
40%  fuel  economy  improvement  by  1980.  If  anything,  these  near-term 
pressures  would  be  expected  to  force  a reduction  of  the  longer 
range  R&D  - especially  when  success  by  the  mid  1980 *s  is  only 
75%  assured. 

CHAPTER  13  - Scenario  Generation 

This  chapter  discusses  the  input  assumptions  used  to  forecast 
total  automotive  fuel  consumption  and  emissions  in  future  years 
as  a function  of  total  vehicles,  vehicle  mix  by  age  and  size,  and 
fuel  economy  for  each  class  and  age  of  vehicle.  The  modeling 
technique  is  nearly  identical  to  the  one  that  has  been  used  at 
Ford  for  several  years.  The  projected  vehicle  population  input 
data  is  reasonable.  The  fuel  consumption  and  emission  assumptions 
that  are  used  are  developed  elsewhere  in  the  JPL  report  and  will 
not  be  critiqued  here . 

CHAPTER  14  - Automobile  Use 

The  main  purpose  of  this  chapter  was  to  see  if  one  should 
anticipate  any  radical  changes  in  automobile  use  which  would  impact 
on  the  choice  of  a future  automotive  powerplant.  The  chapter  also 
contains  discussions,  but  no  new  or  controversial  insight,  on  such 
subjects  as  driving  cycles,  evaporative  emissions,  range  require- 
ments, and  cold  start  effects. 
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CHAPTER  15  - ‘industry  Practices 

This  chapter  considers  the  process  by  which  the  industry 
might  reach  a decision  to  make  an  alternate  powerplant  and  what 
factors  might  prevent  them  frotn  making  such  a decision. 

The  principal  conclusions  of  this  chapter  are  as  follov/'s : 

The  automobile  industry  can  generate  sufficient  capital 
to  convert  all  Otto  production  facilities  to  any  of  the 
alternate  engines  recommended. 

The  industry  can  justify  $200  million  to  over  $1  billion 
in  engine  development  programs  on  the  free  turbine,  the 
S3  Brayton  and  the  Stirling  between  now  and  1981  on  the 
basis  of  potential  increased  profits.  There  are  no 
barriers  to  conversion  to  alternate  engines;  and  engine 
alternatives  exist  that  can  provide  profit,  fuel  economy, 
low  emissions,  and  protect  the  future  of  cars  for  use  as 
private  transportation. 

Profitability  calculations  are  based  on  the  assumption 
that  prices  can  be  increased  to  the  full  extent  of  the 
total  operating  cost  savings  for  a three-year  period 
versus  Otto-cycle  engines  equipped  with  3-way  catalysts. 
Incremental  profit  per  unit  equals  the  difference  between 
the  3 -year  operating  savings  and  incremental  "manufactur- 
ing" costs. 

These  conclusions  are  based  on  several  key  assumptions  which 
appear  highly  optimistic  and,  if  erroneous  to  any  significant 
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extent/  could  result  in  a conclusion  that  replacement  of  Otto- 
cycle  engines  is  uneconomic; 

Car  industry  sales  will  increase  at  the  same  rate  as  the 
economy:  This  has  not  been  the  experience  in  the  last 

two  years  and  is  difficult  to  visualize  given  the  level 
of  price  increases  envisioned  in  the  study.  Further, 
unit  economic  profits  may  fall  substantially  if  mix  shifts 
heavily  to  small  cars. 

Buyers  are  indifferent  to  price  increases  and  will  pay 
premiums  for  alternative  engines  if  the  differential  pays 
out  in  3 years  {the  JPL  study  assumes  buyers  will  pay 
alternative- engine  price  premiums  on  top  of  the  price 
increases  associated  with  Otto-cycle  engines  equipped  with 
3-way  catalysts) : This  assumption  may  be  true  over  an 

extended  period  (possibly  20  to  25  years) ^ but  it's  doubtful 
that  an  individual  would  have  the  price  flexibility 
suggested  during  the  period  of  transition  to  a new  engine. 

The  price  increases  associated  with  emissions  and  fuel 
economy  programs  for  Otto -cycle  engines  probably  would 
depress  sales  and  severely  limit  additional  price  opportunity 
for  alternative  engines.  Buyers  could  be  expected  tochoose 
the  lower  priced  Otto  engine  rather  than  higher  priced 
alternative  until  all  production  facilities  were  con- 
verted. During  the  transition  period,  there  would  be 
major  problems  with  competitive  relationships,  and  there 
is  a high  probability  that  alternative  engines  would  have 
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to  be  discounted  heavily.  Further,  price  differentials 
always  raise  the  question  of  trade-offs  in  the  minds  o£ 
potential  buyers . It  is  likely  that  buyers  considering 
the  alternative' engine  also  would  consider  down-sizing 
vehicle  class  or  cutting  back  on  option  content,  thereby 
depressing  profitability. 

Profit  potential  and  mix:  The  profit  projections  are 

based  on  large  car  unit  profit  effects,  and  the  analysis 
does  not  appear  to  include  any  small  car  mix.  This 
overstates  the  profit  potential  considerable,  and  we 
suspect  that  on  an  average  car  basis  the  conclusions 
are  invalid . If  the  market  were  to  shift  heavily  to  small 
cars,  neither  the  FT  Brayton  nor  the  Stirling  would 
appear  to  make  technical  sense  relative  to  an  Otto  engine. 
The  single-shaft  turbine  would  still  be  profitable, 
however,  holding  all  other  assumptions  constant. 

Profit  is  calculated  using  the  difference  between  retail 
price  and  manufacturing  cost:  This  ignores  the  dealer 

margin  and  overstates  the  manufacturer's  share  accordingly. 
The  JPL  fixed  expenditure  estimate  for  one  engine  line 
(400,000  units)  ranges  from  $430  to  $870  million:  The 

uncertainty  surrounding  costs  reflects  the  state-of-the- 
art  in  Brayton  and  Stirling  development  and  importantly 
affects  decisions  concerning  the  extent  and  timing  of 
commitments  to  alternative  engine  programs.  A more 
prudent  approach  may  be  to  fund  programs  like  Brayton 
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and  Stirling  engines  on  a step-by-step  basis  with  con- 
centration on  the  critical  technical  issues.  Funding 
can  be  increased  at  any  time  given  cause. 

The  profit  and  investment  uncertainties  raise  serious 
question  as  to  the  advisability  of  making  commitments  to  alternative 
powerplants  at  the  levels  recoiranended , Ford  generally  agrees  with 
JPL  that_  "The  dollar  magnitude  of  the  engine  development  program 
should  be  related  to  the  profits  that  would  result  from  a success- 
ful program  outcome" . Consideration  of  the  risks  leads  to  a 
conclusion  that  research  should  proceed  at  a more  deliberate  pace 
than  JPL  recommends . The  industry  justifiably  requires  -a  high 
confidence  level  in  alternative  engine  designs  prior  to  committing 
virtually  all  its  resources  to  new  engine  types.  ' If  the  assumption 
that  Stirling  or  turbine  engines  can  be  feasible  alternatives 
technically  or  from  the  manufacturing  and  cost  standpoints  by  1985 
is  optimistic,  and  assuming  1990  as  the  earliest  practical  date  for 
production  availability,  the  auto  industry  might  have’  to  implement 
UC  Otto  or  SC  Otto  programs  across  the  board  in  the  early  1980 's. 
Then  the  Stirling  or  turbine  engines  would  become  alternatives 
for  the  new  engines . 

Specific  comments  are  detailed  in  Appendix  G. 

CHAPTER  16  - Vehicle  and  Highway ' Safety 

This  is  another  of  the  chapters  whose  purpose  is  to  see  if 
there  is  any  peripheral  reason  why  a particular  alternate  technology 
cannot  or  should  not  be  introduced.  In  this  case  the  question  is 
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whether  there  is  any  characteristic  of  any  of  the  alternate  power- 
plants  or  modified  vehicles  recommended  that  may  adversely  influ- 
ence safety  in  normal  use  by  increasing  the  accident  rate  or  the 
consequence  of  an  accident.  The  conclusion  reached  is  that  none 
of  the  actions  recoiranended  constitutes  a major  safety  problem. 

The  major  safety  questions  considered  were  the  effect  of  a- 
reduction  in  vehicle  weight  and  size,  the  hazard  of  the  Stirling 
engine  with  its  highly  flammable  hydrogen  working  fluid,  and  the 
advantage  of  engines  that  could  use  a less  volatile  fuel  than 
gasoline.’ 

There  seems  to  be  some  conflict  between  the  recommendation 
in  this  chapter  that  "the  industry  should  emphasize  the  building  of 
large  but  light  weight  cars",  and  in  chapter  10  where  "exterior  size 
reduction"  is  recommended  as  a way  to  reduce  weight. 

On  the  positive  side,  there  are  some  worthwhile  observations 
made  in  this  chapter  on  the  importance  of  avoiding  regulations  which 
severely  compromise  one  objective  while  trying  to  achieve  another. 
The  adverse  effect  on  fuel  economy  _of  the  weight  increase  to  meet 
damageability  standards  was  mentioned  as  an  example. 

Since  this  chapter  is  not  used  to  affect  the  relative 
ranking  of  any  of  the  powerplants  or  vehicle  modifications,  it 
will  not  be  critiqued  further  here.  Some  detailed  comments  are 
given  in  Appendix  H. 
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CHAPTER  17  - Energy  and  Fuels 

The  primary  purpose  of  this  chapter  is  to  predict  energy 
and  fuel  aspects  of  the  arena  in  which  alternate  powerplants  will 
be  competing  in  the  future.  In  particular,  answers  were  sought 
to  questions  about  how  extreme  the  pressure  for  conservation  of 
fuel  would  be  and  what  types  of  fuel  would  be  in  short  or.  long  supply. 

The  major  premises  in  this  chapter  have  been  taken  from  two 
references  (17-6  and  17-7)  which  predate  the  Arab  oil  embargo  of 
the  1973-74  Fall  and  Winter.  Although  the  JPL  Report  acknowledges 
the  embargo  and.  the  probable  efforts  of  the  U.S.  to  achieve  energy 
independence,  the  analysis  is  deficient.  The  inclusion  of  timely 
political  and  economic  data  and  projections  (available  during  the 
analysis  preparation  time  period)  would  have  produced  a more  bal- 
anced report  encompassing  both  optimistic  and  pessimistic  scenarios. 

A balanced  analysis  jrould  have  greatly  reduced  the  strength  of 
the  case  for  rushing  a new  engine. 

For  example.  Project  Independence  (available  in  November,  1974) 
projects  a more  optimistic  view  than  the  JPL  Report.  This  report 
describes  a 1985  future  and  beyond  in  which  it  is  possible  through 
accelerated  domestic  crude  production,  increased  nuclear  capacity, 
and  conservation  measures  to  achieve  zero  dependence  on  foreign 
crudes  without  developing  a new  engine.  It  is  evident  that  the 
JPL  authors  were  aware  of  Project  Independence  because  Figures  3 and 
4 of  Volume  II  of  the  JPL  Report  contain  data  points  from  it. 
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There  are  six  major  explicit  conclusions  in  this  chapter 
that  should  be  discussed-  First, JPL  concludes  that  fuels  for 
automobiles  through  the  1980 's  and  90 's  will  be  liquids  derived 
from  petroleum  crudes  or  coal.  This  is  the  current  belief  of 
nearly  every  source.  The  market  and  distribution  networks  are 
based  on  liquids,  and  the  lead  time  for  change-over  is  much  greater 
t'nan  the  period  under  consideration.  The  technology  of  converting 
coal  reserves,  tar  sands,  and  shale  to  liquids  is  known  or  under 
rapid  development  awaiting  a favorable  economic  climate  for  intro- 
duction. Therefore,  this  conclusion  appears  sound. 

Next,  JPL  concludes  that  conservation  measures  and  modifications 
in  the  use  and  energy  consumption  characteristics  in  the  U.S.  could 
eliminate  the  need  for  imported  oil  by  1990.  This  is  consistent 
with  other  reports  even  without  the  requirement  of  the  introduction 
of  the  Stirling  or  Brayton  engines.  There  are  many  unknowns  in 
the  complicated  effort  to  extricate  ourselves  from  dependence  on 
foreign  crudes.  For  example,  the  impact  of  $11  per  barrel  crude 
on  the  number  of  wells  drilled  per  year,  rate  of  leasing  of 
government  lands,  tax  charges,  price  controls,  voluntary  and  man- 
dated conservation,  and  environmental  regulations  is  still  indeter- 
minate. Increases  in  the  price  of  imported  crude  should  accelerate 
our  efforts  to  achieve  independence. 

Also  JPL  concludes  that  process  energy  and  dollars  could  be 
reduced  if  more  diesel  fuel  were  produced  relative  to  gasoline.  This 
assessment  is  consistent  with  that  of  others.  This  conclusion  must 
not  be  confused  with  the  energy  impact  of  total  conversion  to  diesels. 
The  savings  to  be  expected  by  total  conversion  to  diesels 
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decreases  because  the  normal  gasoline  fraction  is  no  longer 
effectively  utilized. 

JPL  states  that  methanol-gasoline  blends  appear  to  offer 
no  distinct  advantage  over  gasoline.  The  use  of  methanol-gasoline 
blends  will  occur  not  because  they  offer  a distinct  advantage  over 
gasoline  but  because  gasoline  will  be  in  short  supply  or  its 
expense  can  be  reduced  with  the  use  of  a less  expensive  extender . 
Ethanol  is  used  in  Brazil  as  a gasoline  extender  because  of  its 
availability.  The  JPL  statement  that  "gasoline  and  methanol  are  not 
miscible  to  any  great  extent"  is  false  and  creates  an  incortect 
negative  impression  about  the  feasibility  of  its  usage.  The  aromatic 
content  of  gasolines  is  the  controlling  solubility  factor.  Gasoline 
with  aromatic  contents  less  than  15%  (which  are  unknown  in  today's 
gasolines)  may  reject  35-40%  methanol  additions  (it  is  unlikely 
that  the  methanol  content  will  be  this  high)  at  temperatures  below 
70°F.  Dry  blends  of  typical  gasolines  containing  35-40%  methanol 
do  not  separate  at  temperatures  above  +10°F.  The  phase  separation 
of  methanol-gasoline  blends  is  a poor  argument  against  its  use 
because  commercial  alcohol-gasoline  systems  already  exist  in  Brazil 
and  Scandanavian  countries.  The  removal  of  butanes  and  pentanes 
from  gasoline  to  accommodate  methanol  would  not  result  in  the  loss 
of  these  substances  from  the  total  energy  picture  since  they  can  be 
alkylated  to  higher  molecular  weight  products . On  the  whole , the 
basis  for  this  conclusion  was  poorly  developed  and • incorrectly  biased. 
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JPL  also  concludes  that  engines  that  do  not  impose  specific 
cheinical  requirements  on  their  fuel  will  generate  fev/er  energy 
availability  problems  than  those  which  do.  It  is  obvious  that 
the  more  versatile  the  powerplant  in  terms  of  fuel,  the  more  easily 
it  is  to  satisfy. 

A fina]  JPL  conclusion  is  that  the  capacity  for  electric 
power  generation  will  not  constrain  the  rate  of  introduction  of 
electric- vehicles . Since  there  appears  to  be  no  prognostication  whic 
predicts  a significant  number  of  electrical  vehicles  by  1985  or 
.even  1995,  this  conclusion  is  probably  valid. 

As  in  several  previous  chapters,  the  overall  conclusion  of 
importance  to  the  basic  question  of  the  JPL  study  is  the  lack  of 
influence  this  consideration  has  on  the  choice  of  an  alternate 
engine . 

CHAPTER  18  - Material  Resource  Requirements  and  Supply 

The  object  of  this  chapter  is  to  evaluate  the  material 

resources  (not  cost)  required  to  produce  the  alternate-engined 

* 

vehicles  in  order  to  make  sure  the  requirements  do  not  exceed  the 
supply,  which  can  reasonably  be  expected  to  be  made  available.  The 
key  conclusion  is  that  the  required  materials  do  exist  in  the  ground 
in  sufficient  quantities  for  the  next  several  decades  and  that 

I 

proper  planning  and  commitment  can  mkke  them  available. 

The  planning  is  made  more  difficult  by  the  fact  that  several 
of  the  important -materials  (nickel,  chromium,  and  cobalt)  are  not 
currently  produced  domestically  in  large  quantities,  but ‘must  be 
imported . 'i'ne  commitment  is  required  because  the  increased  demand 
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would  exceed  the  historical  growth  rate  and  the  metal  producers 
would  not  put  the  extra  capacity  in  place  without  a firm  long-term 
commitment. 

Although  not  a cost  chapter,  the  main  importance  of  this 
chapter  is  how  the  material  supply  commitment  might  affect  the 
total  cost  of  the  material  when  risk  factors  are  included.  For 
example,  if  a 10-year  commitment  must  be  made  several  years  before 
production  of  an  alternate  engine, there  is  the  risk  that  engine 
production  may  be  delayed  or  aborted  due  to  some  technical  or 
regulatory  hitch,  or  that  the  material  need  may  go  away  because  of 
the  introduction  of  yet  a different  powerplant  or  because  of 
material  substitution,  such  as  ceramic  for  metal.  The  high  risk 
associated  with  early  commitment  should  be  factored  into  the 
material  costs  in  the  cost  chapter. 

CHAPTER  19  - Air^Quality  Impact  Study 

This  chapter  only  served  to  determine  if  JPL  could  support 
the  need  for  some  gross  changes  in  the  emission  standards  that 
would  affect  the  choice  of  emission  objectives  for  automobiles. 

JPL  calculated  reductions  required  using  the  rollback  technique . 

The  result  was  biased  to  give  the  highest  possible  rollback  factor 
because  JPL  started  with  the  highest  observed  concentration  and 
failed  to  account  for  the  expected  change  in  spatial  distribution 
with  time.  The  statutory  emission  standards  0.41/3.4/0.4  (g/mi  of 
HC/CO/NOx)  seemed  to  be  accepted  by  JPL  as  status  quo  to  be 
deviated  from  only  if  they  fell  outside  of  the  range  of  uncertainty 
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The  only  deviation  from  the  "unposition"  that  the  statutory 
standards  might  as  well  be  used  is  for  NOx.  Here  JPL  considers 
that,  because  of  the  large  contribution  of  stationary  sources,  there 

is  little  advantage  in  going  below  2 g/mi  NOx  for  most  regions  of 
the  country,  but  that  in  a few  regions  such  as  Los  Angeles,  the 
0„4  NOx  standard  is  necessary.  The  0.4  NOx  standard  is  assumed 
even  though  in  the  calculation  based  on  a 1.0  NOx  standard,  the 
contribution  of  light-duty  vehicles  drops  to  only  less  than  1/3 
of  the  total . 

JPL  generally  failed  to  use  cost  effectiveness  analysis  or 
judgement  to  determine  how  each  of  the  pollution  sources  should 
share  in  the  allowable  emissions  of  each  pollutant  in  a particular 
region.  JPL  concludes  for  example,  that  a .41  HC  standard  is 
appropriate  for  the  New  York  study  area  even  though  no  reduction 
in  total  mass  emission  of  HC  from  stationary  sources  is  assumed,  so 
that  by  1990,  light-duty  vehicle  emission  of  HC  becomes  only 
about  1/4  of  the  HC  emission  from  stationary  sources. 

If  JPL  was  not  prepared  to  do  a more  definitive  analysis  of 
required  air  quality,  it  might  have  been  better  to  merely  use  the 
legislated  standards  as  objectives  rather  than  give  the  appearance 
that  an  independent  derivation  was  made  supporting  them. 

Additional  specific  comments  on  this  chapter  are  included 
as  Appendix  x . 
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CHAPTER  20  - Ownership  Costs  and  Economic  Impact 

The  purpose  of  this  chapter  is  to  determine  the  relative 
attractiveness  to  the  customer  based  on  engine  alternatives  as 
affected  by  total  cost  of  ownership,  and  to  estimate  what  effect 
a switch  to  one  of  the  prime  alternatives  would  have  on  economic 
growth  rate,  employment,  and  profitability  of  the  auto  and  related 
industries . 

The  impact  on  the  national  economy  was  quickly  dismissed  by 
the  claim  that  "the  growth  and  stability  of  national  output  and 
employment  is  controlled  by  the  government.  Impact  on  the  national 
economy  due  to  changes  in  industry  is  usually  limited  in  size  and 
temporary  in  duration,  compared  with  the  effects  of  normal 
variations  in  government  policy" . This  is  probably  not  a universal 
truth.  It  seems  unlikely  that,  in  the  long  term,  national  economy 
would  not  be  affected  favorably  or  unfavorably,  by  a massive 
commitment  to  an  alternate  technology  that  proved  to  be  either 
better  or  worse  than  that  adopted  by  the  vehicle  industry  of  other 
countries.  Also,  neglect  of  near-term  vehicle  improvements  for 
long-range  improvements  could  have  a serious  effect  on  ear  sales 
and  the  economy  in  the  near  terra.  The  attention  that  some  foreign 
governments  give  to  their  auto  industry  implies  that  they  don't 
see  government  monetary  policies  as  the  only  factor  in  economic 
well  being. 

The  cost  of  private  automobile  ownership  is  treated  in  more 
concrete  terms.  The  ownership  cost  factors  which  are  assumed  to 
vary  as  a function  of  the  engine  are:  original  purchase  price, 

maintenance  (including  expendable  fluid  except  fuel) , fuel  cost,  and 
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resale  value.  The  conclusion  reached  is  that  with  either  the 

SS  Brayton  or  the  Stirling  engine,  the  generally  somewhat  higher 

initial  cost  would  be  recovered  in  reduced  fuel  cost  (discounted 

back  to  current  value)  in  from  0 to  about  40,000  miles  (for  the  mean 

or  unperturbed  case)  depending  on  vehicle  size  and  whether  a Brayton 

or  Stirling  engine  is  used.  Larger  vehicles  are  projected  to  have 

a shorter  payoff  time;  and,  in  spite  of  its  poorer  fuel  economy 

/ 

relative  to  the  Stirling,  the  SS  Brayton  is  projected  to  have  a shorte 
payoff  time  because  of  its  lower  initial  cost.  In  fact,  the  SS 
Brayton-engined  car  is  projected  to  have  $30  lower  selling  price  th^:. 
the  equivalent  Otto -engined  car;  in  which  case  the  customer  is 
financially  ahead  before  he  leaves  the  showroom.  For  a compact 
vehicle  the  cost  is  equal  and  in  the  small  car,  the  SS  Brayton  is 
projected  to  cost  $50  more  than  the  Otto-engined  car.  The  higher 
initial  cost  of  the  Stirling  over  the  SS  Brayton  is  never  made  up 
by  its  better  fuel- economy  during  the  projected  life  of  the  vehicle  - " 
even  when  projected  out  beyond  11  years. 

The  main  problem  with  the  results  of  this  chapter  do  no.t 
originate  in  this  chapter  but  originate  in  Chapter  11  from  which  the 
prime  cost  input  for  this  chapter  comes.  For  some  obscure  reason, 
the  cost  data  were  reorganized  using  different  formats  and  labels  fox' 
the  pieces  of  the  total  cost  when  moved  from  Chapter  11  to  Chapter  20 . 
The  costs  which  were  omitted  from  Chapter  11  computation,  namely 
the  distributed  R & D cost,  the  contingency  "profit"  to  cover  the 
added  risk,  and  the  lost  value  of  existing  Otto  engine  tooling  are 
still  neglected  here.  When  added  to  the  possibly  hundreds  of 
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dollars  underestimation  of  the  variable  cost,  the  retail  price 
differential  could  be  many  hundres  of  dollars  higher  than  that 
shown  by  JPL  in  Table  20-2. 

Since  the  possibility  exists  of  severe  underestimation  of 
the  cost  of  alternate-engined  vehicles,  the  sensitivity  study 
should  have  considered  a much  wider  upside  swing  in  initial 
purchase  price  than  th'e  $100  considered.  Even  using  only  this 
nominal  increase  above  estimated  price,  the  payoff  period  for 
compact  Stirling  engined  cars  exceeds  40,000  miles,  and  the  small 
car  payoff  increases  to  nearly  60,000  miles.  With  such  long  pay- 
off periods,  there  is  serious  question  whether  the  average  customer 
would  not  choose  the  lower  initial  cost  Otto-engined  vehicle . 

The  sensitivity  study  also  seems  lacking  in  that  it  did  not 
consider  perturbations  on  more  than  one  of  the  parameters  and  did 
not  consider  the  more  important  combined  perturbations.  For  example, 
JPL  did  not  consider  how  the  cost  to  the  customer  would  stack  up 
if  a higher  than  JPL  anticipated  initial  cost  were  combined  with 
a lower  than  anticipated  improvement  in  fuel  economy? 

Some  specific  comments  on  the  chapter  are  contained  in 
Appendix  J . 
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SPECIFIC  COMMENTS  ON  CHAPTER  2 : "FUNDAMENTAL  CONSIDERATIONS 

OF  HEAT  ENGINES  FOR  AUTOMOTIVE  PROPULSION" 

In  Section  2.2.3,  the  definition  of  indicated  efficiency 

should  be  in  the  form  of 

/Work  available  at  the  output  shaft\ 

Vwere  no  mechanical  losses  present  } 

Energy  supplied  in  the  fuel 

Energy  added  to  the  working  fluid  should  not  be  equated 
to  the  energy  of  the  fuel  for  external  combustion  devices 
Equation  (3)  in  Section  2.4.1  is  valid  only  for  open 
systems.  For  closed  systems,  equation  (3)  should  be  in 
terms  of  Cv  instead  of  Cp. 

In  Section  2.4.2,  Cs  is  not  the  energy  transport  rate  but 
rather  the  heat  capacity  transport  rate  and  has  units  of 
Btu/hr/°E , not  Btu/hr . 

The  Emission  Index  used  in  Section  2.4.3  is  a strong 
function  of  speed  and  load.  Therefore,  PPM  estimates 
based  on  an  average  value  may  be  misleading  for  detailed 
analysis . 
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SPECIFIC  COMMENTS  ON  CHAPTER  3:  "THE  UC  OTTO  AUTOMOTIVE 

POWER  SYSTEM  (BASELINE) 

The  JPL  investigators  apparently  misunderstand  the 
sonic  carburetor  mechanism  — the  discussion  on 
page  3-9  suggests  that  the  nozzle  bar  moves  up  and 
down,  while  actually  the  jaw  slides  back  and  forth. 

The  report  speaks  of  a durability  problem  with  the 
sonic  carburetor  due  to  its  sonic  operating  conditions. 
Ford  has  not  found  this  to  be  a significant  problem. 

The  report  expresses  concern  about  cold-start 
transient  operation  when  the  sonic  carburetor  is 
operated  at  subsonic  velocities.  Actually,  a sonic 
carburetor  should  function  at  least  as  well  as 
conventional  carburetors  under  these  conditions. 

The  report  seems  overoptimistic  on  the  potential  of 
ultrasonic  atomization,  possibly  because  of 
erroneous  data.  Table  3-1  of  the  report  lists 
Thatcher  & McCarter's  ultrasonic  carburetor  as 
emitting  only  0.89  gm/mi  CO  without  exhaust  treatment. 
This  apparently  was  taken  from  the  March,  1973  issue 
of  Popular  Science.  This  is  probably  a decimal  point 
error  and  should  probably  read  8 . 9 gm/mi , Even 
completely  vaporized  mixtures  do  not  give  CO  as  low 
as  0.89  gm/mi . 
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SPECIFIC  COMMENTS  ON  CHAPTER  4:  "THE  INTERMITTENT-COMBUSTION 

ALTERNATE  AUTOMOTIVE  POWER  SYSTEMS 

The  fuel  economy  projection  for  the  Mature  PROCO  engine  is 
based  on  dynamometer  data  taken  during  1974  at  16:1  A/F  ratio 
and  12%  EGR.  No  improvement  in  economy  and  emissions’  is  pro- 
jected as  the  engine  reaches  the  "Mature"  state  of  develop- 
ment. In  contrast,  the  gas  turbine  is  projected  to  achieve  a 
93%  improvement  in  CVS-C/H  economy  from  the  sixth  generation 
Chrysler  turbine  to  the  Mature  (non-ceramic)  turbine  ’and  the 
Mature  Otto  engine  is  credited  with  a 5%  improvement  relative 
to  the  "best"  of  '75  vehicles  in  addition  to  a significant 
reduction  in  feedgas  emission  levels. 

At  its  present  state  of  development,  the  fuel  economy  of 
the  PROCO  engine  at  the  1250  RPM  100  ft.  lbs.  point  is  15% 
better  than  the  1974  data  considered  by  JPL  to  represent  the 
Mature-configuration  PROCO.  The  feedgas  emission  level  with 
the  present  configuration  shows  an  identical  HC  level  and  50% 
lower  NOx. 

So  far  as  the  HC  emissions  are  concerned,  advances  in 
catalyst  technology  and  fuel  cleanliness  which  assure  77%  in 
HC  and  NOx  efficiency  in  3-way  operation  can  be  projected  to 
give  80%  HC  efficiency  on  the  PROCO  engine  where  excess  O2 
is  perfectly  mixed  in  the  exhaust  and  the  HC  concentration  is 
inversely  proportional  with  the  mass  flow  rate. 
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Based  on  this  latest  data,  and  put  in  the  context  of  the 
JPL  study,  the  fuel  economy  gain  of  a .41/3.4/. 4 level  Mature 
PROCO  engine  in  mediixm  and  large  passenger  cars  is  projected 
to  be  20%  against  the  Mature  3-way  catalyst  Otto  vehicle  and 
25%  against  a Mature  dual-bed  catalyst  system".  Whether  or  not 
this  projected  gain  justifies  full  development  and  volume  pro- 
duction introduction  depends  among  other  things  on  the  confidence 
level  attached  to  the  Brayton  and  Stirling  projections  of  the 
JPL  study. 
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SPECIFIC  COMMENTS  ON  CHAPTER  8:  "ELECTRIC  VEHICLES" 

The  study  reports  a number  of  data  on  electric  vehicles 
quoted  from  the  literature  completely  out  of  context.  Therefore, 
the  reader  would  have  no  way  of  finding  out  that,  for ’instance, 
in  many  cases  the  maximum  speed  listed  is  attainable  only  when 
the  batteries  are  new  and  fully  charged,  and  that  the  statements 
about  range  are  iu  many  cases  meaningless  and  in  general  are 
not  comparable  to  each  other.  Some  of  the  ranges  are  given  for 
steady  speed,  others  are  given  for  specific  driving  cycles,  and 
still  others  are  given  for  unspecified  driving  modes.  The 
report  does  not  mention  that,  while  in  the  case  of  the  Comuta, 
for  instance,  the  range  was  fairly  realistic,  since  it  was 
defined  as  the  range  at  which  one  could  still  attain  the  specified 
design  performance;  in  other  cases,  the  vehicle  performance  was 
quite  inadequate  at  the  end  of  the  range.  It  appears  that  the 
report  mixes  actual  experimental  data  with  projections.  For 
instance,  it  lists  a Ford  Comet  powered  with  1086  pounds  of 
Sodium-sulfur  battery  which  has  never  been  built.  Such  a non- 
critical  listing  is  certainly  misleading. 

In  discussing  specific  batteries,  the  report  is  equally 
non-critical.  For  instance,  JPL  reports  on  the  zinc- chlorine 
battery  on  the  basis  of  a paper  presented  at  the  Third  Inter- 
national Electric  Vehicle  Symposium  and  gives  the  impression 
that  a fully  functional,  rechargeable  battery  was  installed  and 
operated  satisfactorily  in  a vehicle.  The  fact- that  the  battery 
was  not  (and  possibly  never  will  be)  rechargeable  is  hidden  in 
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the  easily  overlooked  phrase  "A  mechanically  rechargeable 
system  (was)  used  for  vehicle  tests  . . 

Much  of  the  JPL  discussion  is  based  on  obsolete  infor- 
mation. For  instance,  it  appears  that  all  of  the  discussion 
on  the  Sodium-sulfur  battery  was  based  on  an  old  1972  paper. 

In  the  case  of  the  Argonne  lithium-sulfur  battery,  JPL  is  very 
bullish,  apparently  oblivious  of  the  fact  that  Argonne  has 
abando-ned  development  of  that  battery,  presumably  as  a hopeless 
task,  and  have  redirected  their  efforts  to  lithium-iron  sulfide 
battery. 

The  report  makes  general  statements  without  documentation. 

For  instance,  they  state  "The  lead  acid  battery  ...  does  possess 
adequate  power  and  cost  characteristics  for  the  electric  vehicle. " 
They  base  this  simply  on  a TRW  report,  ignoring  extensive  other 
literature  which  indicates  that  the  adequate  power  feature 
deteriorates  during  discharge  and  that,  while  the  initial  cost 
may  be  acceptable  in  some  cases , the  replacement  cost  is  quite 
unacceptable  because  of  the  short  cycle  life  of  high-power  lead- 
acid  batteries.  Most  of  the  literature  indicates  that  the  cycle 
life  of  lead-acid  batteries  is  so  short  that  their  overall  re- 
placement cost  will  be  between  20  and  30  cents  per  kilowatt-hour 
delivered.  Even  neglecting  the  cost  of  the  electricity  used  for 
recharging,  this  would  amount  to  about  three  times  the  cost  of 
gasoline,  even  at  the  current  low  efficiencies  of  internal- 
combustion  engines. 

In  short,  it  appears  that  the  authors  of  this  chapter 
relied  too  heavily  on  34  selected  publications  without  any  con- 
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sideration  as  to  how  authoritative  or  current  they  were,  and 
extracted  information  from  these  rather  uncritically. 
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SPECIFIC  COMMENTS  ON  CHAPTER  9;  "HYBRID  VEHICLES" 

The  discussion  of  batteries  for  the  hybrid  suffers  from 
the  same  deficiencies  as  the  battery  discussion  in  Chapter  8, 
that  is,  it  is  insufficiently  critical  of  reported  work.  For 
instance,  JPL  claims  adequacy  for  the  lead-acid  battery  in  this 
application  on  the  basis  of  a TRW-Gould  report,  neglecting  the 
fact  that  the  batteries  which  Gould  supplied  to  TRW  did  not 
provide  adequate  power,  and  therefore  TRW  had  to  use,  for 
their  tests,  twice  the  weight  of  batteries  which  they  considered 
practical  for  vehicle  use  (Neal  Reichardson,  TRW,  Inc.,  priv. 
comm.).  They  quote  the  long  life  of  the  BTL  lead-acid  batteries 
without  mentioning  their  high  cost  and  implying,  quite  in- 
correctly, that  their  power  is  reduced  only  as  a result  of  the 
geometrically  disadvantageous  cell  configuration.  Actually, 
these  are  low-power  batteries,  designed  for  a low-power 
application,  and  no  known  published  .data  is  available “to  suggest 
that  they  could  ever  approach  the  high  power  indicated  as  a 
need  for  hybrid  vehicles  elsewhere  in  the  Chapter. 

It  is  disappointing  that  promising  new  concepts  such  as 
those  of  Bosch  and  IKA  were  discounted  so  quickly.  These  organi- 
zations have  built  hybrid  vehicles  which  achieved  good  fuel 
economies  even  though  the  main  thrust  of  their  design  was 
emission  control. 

Specific  objections  to  the  treatment  of  hybrid  follow: 
Comparisons  were  made  on  the  basis  of  an  'operating  cycle 
not  representative  of  CVS  - one  which  penalized  hybrid 
operation  unfairly. 
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Only  very  light  vehicles  were  considered,  while  it  is 
well  known  that  hybrids  are  promising  for  vehicles  with 
low  battery- to-vehicle  weight  ratios . 

The  comparisons  show  idle  fuel  usage  for  hybrids, with 
fuel  shut-off  capability  - with  the  amounts  actually 
exceeding  that  of  the  ICEs_.  During  discussions  with 
several  of  the  authors,  they  acknowledged  this  error 
and  that  the  idle  fuel  calculations  for  parallel 
hybrids  (lines  A,  R,  and  S in  columns  E and  F of 
Table  9-3)  should  be  eliminated,  and  that  the  fuel 
calculations  of  line . P should  be  the  final  predicted 
fuel  economy  for  parallel  hybrids. 

The  report  claims  a concurrence  by  TRW  in  the  low  fuel 
economy  improvement  potential  stated  in  the  report.  In 
fact,  this  is  incorrect.  The  referenced  TRW  article 
actually  projects  a 49%  improvement  potential. 
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APPENDIX  F 


SPECIFIC  COMMENTS  ON  CHAPTER  12; 
"ALTERNATE  HEAT  ENGINE  RESEARCH  AND  DEVELOPMENT" 


The  probability  of  success  projected  for  total  engine 

systems  does  not  agree  with  the  probabilities  of  success  for 

the  system  components,  at  least  in  one  specific  case;  The 

following  probabilities  of  success  were  read  off  .the  curves  of 

Figure  12.3  for  the  Stirling  engine  using  mean  curves  at  1985; 

Probability  of  accomplishment 
by  1985  (using  mean  level  of 


Component  optimism) 

Preheater  861 
Metallic  heater  head  87% 
Cycle  regenerator  94% 
Cycle  cooler  94% 
Control  system  91% 
Improved  seal  91% 
Prototype_Mature  Engine  82% 


If  the  chances  for  success  of  each  component  are  independent  of 
the  others  (which  seems  to  be  a reasonable  assumption  in  this 
ease) , the  product  of  the  component  probabilities  should  equal 
the  system  probability  of  82%.  If  the  above  component  probabilities 
are  multiplied  together,  however,  the  result  is  not  82%,  but  55%. 


2-90 


_ _ APPENDIX  G 

SPECIEIC  COMMENTS  ON  CHAPTER  15:  "INDUSTRY  PRACTICES" 

The  research  and  development  phases  shown  in  Section  15.2, 
and  the  timing  and  costs  as  they  pertain  to  Otto- cycle 
experience,  appear  to  be  reasonable.  The  assumption  that 
alternate  engines  will  conform  to  similar  patterns  is  not 
known,  and  if  they  do,  it  will  probably  be  on  a third  or 
fourth  generation  engine  rather  than  the  first  attempt. 

The  statement  in  section  15.3.1  that  changeover  from  cast 
iron  to  aluminum  casting  can  be  accomplished  at  no  cost 
is  not  true  and  is  a major  understatement  of  potential 
cost  to  convert  to  new  engines. 

In  table  15. 4, the  period  1964-1973  was  used  as  a benchmark 
to  determine  the  ability  of  industry  to  fund  a changeover 
to  new  engines.  This  was  a unique  growth  and  profit 
period  for  the  industry.  It  is  risky  to  count  on  these 
conditions  in  the  late  1970 's  and  1980 *s. 

The  following  quotation  in  section  15.4  is  worth  considering 
"There  are  mistakes  to  be  made;  they  will  be  expensive,  and 
the  automobile  industry  must  be  prepared  for  setbacks  in 
these  programs  similar  to  the  experiences  of  the  past." 

If  the  turbine  experience  were  scaled  up  to  the  program 
recommended  by  JPL,  the  auto  industry  would  have  been  a 
disaster.  The  JPL  statement  underlines  the  importance  of 
avoiding  commitments  to  programs  prior  to  completion  of 
advanced  engineering  work . 

The  cost  and  price  data  shown  throughout  Chapter  15 
does  not  tie  with  data  in  other  chapters.  A sit  down  review 
would  be  required  to  understand  fully  the  analysis. 


2-91 


77-40 


- 78  - 

Specifically,  required  information  would  include 

- Development  of  the  manufacturing  cost  increments  which 
are  applied  to  Table  15-10  to  arrive  at  Table  15-11, 

"Profit  Increase." 

- Reconciliation  of  the  estimates  from  Chapter  11  to 
those  in  Table  20-2. 

- Table  15-3  detailed  the  development  of  the  "Lower 
Bound"  and  "Realistic"  changeover  cost  estimates. 

How  does  this  relate  to  Table  11-12,  "Alternate 
Engine  .Facility  Costs?"  How  are  the  tooling  costs 
developed? 

In  section  15.3.2,  the  funds  for  maintenance  of  the  Otto 

% 

engine  facilities  during  the  change-over  period  is  handled 
by  adding  in  half  the  current  amount,  based  on  the 
assumption  of  a linear  transition.  This  approach  does 
not  make  adequate  provision  for  the  first  years  when 
nearly  all  of  the  Otto-cycle  engine  facilities  are  still 
in  place.  Also,  it  seems  some  extra  provision  should  be 
allowed  for  more  maintenance  and  more  rapid  replacement 
of  the  first  generations  of  alternate  engine  tooling. 
Certainly  one  would  expect  rapid  advancement,  but  this 
will  require  replacement  of  earlier  outdated  tooling. 
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SPECIFIC  COMMENTS  ON  CHAPTER  16: 

"VEHICLE  AND  HIGHWAY  SAFETY" 

In  Section  16.1,  it  is  stated  that  "research  on  highway 
safety  problems  can  yield  improvements  in  the  future,  but  there 
are  presently  known  methods  capable  of  greatly  reducing  the  high 
cost  of  hviman  accidents,  which  lack  only  meaningful  application 
and  vigorous  enforcement. " This  would  appear  to  be  an  over- 
simplification in  view  of  the  complexity  of  the  problem.  Later 
in  the  chapter,  some  comment  is  made  relative  to  the  reduction 
which  could  be  accomplished  through  the  elimination  of  the 
alcohol  problem.  However,  no  viable  program  is  outlined  to 
accomplish  this. 

In  Section  16.2.2,  no  discussion  is  made  of  the  possibility 
of  explosion  of  the  working  fluid  (hydrogen)  in  the  Stirling 
engine  in  the  event  of  a severe  collision. 

In  Section  16.2.3  where  electric  power  plants  are  dis- 
cussed, the  indication  is  that  "electric  prime  movers  and  their 
controllers  present  no  special  safety  problems  beyond  the  normal 
design  considerations  implicit  in  their  use  in  any  commercial 
application."  Considering  the  high  voltage  present  in  electric 
power  plant  application  and  the  extremely  high  current,  it  would 
appear  that  the  problem  of  servicing  such  equipment  would  present 
a major  problem. 

In  Section  16.3,  mention  is  made ■ of  the  design  of  the 
vehicle  structure  arranged  to  deflect  the  engine  under  the  car 
instead  of  allowing  it  to  be  displaced  straight  back  towards  the 
occupants.  Attempts  to  deflect  the  engine  under  the  car  in  Otto- 
cycle  engines  have  been  unsuccessful  thus  far.  Adequate  roof 


2-93 


77-40 


- 80  - 

crush  strength  is  mentioned  as  an  important  factor  in  accidents 
involving  roll-over.  Studies  by  Huelke  of  the  Highway  Safety 
Research  Institute,  University  of  Michigan,  indicate  that  some 
roof  crush  is  not  detrimental. 
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SPECIFIC  COMMENTS  ON  CHAPTER  19:  "AIR  QUALITY  IMPACT  STUDY" 

The  JPL  report  suggests  that  therr  approach  and  conclusions 
are  consistent  with  those  of  the  NAS  study  (National  Academy  of 
Sciences,  "The  Relationship  of  Emissions  to  Ambient  Air  Quality, 
Volume  3 of  Air  Quality  and  Automobile  Emission  Control," 
Washington,  D.  C.  August,  1974) . This  implication  is  at  best 
misleading,  but  is,  in  fact,  incorrect.  The  NAS  study  discussed 
at  great  length  the  limitations  of  the  simple  rollback  methodology 
and  reached  quite  different  and  less  pessimistic  conclusions  about 
the  VES  required  to  meet  the  AQS  for  CO  and  NOx.  This  matter 
has  been  discussed  in  some  detail  also  by  the  NAS  Panel  report 
("A  Critique  of  the  1975  Federal  Automotive  Emission  Standard  for 
Carbon  Monoxide,"  National  Academy  of  Sciences,  May  22,  1973)  and 
in  a number  of  publications  from  our  laboratory. 

As  an  illustration,  the  JPL  report  states:' 

"Since  carbon  monoxide  is  a relatively  stable  gas 
in  the  a'tmosphere  we  can  assume  its  concentration 
will  be  directly  proportional  to  CO  emissions 
(Ref.  19-23)." 

Ref.  19-23  is  the  NAS  report. 

The  JPL  report  has  incorrectly  represented  the  NAS  report's 
position  on  this  question.  The  NAS  report  (p.  95)  states  in 
part:  "5.4. 2.1  Linear  Rollback.  For  a pollutant  which  is 

essentially  non-reactive  (such  as  CO)  or  one  which 
decays  through  a first  order  chemical  reaction  (such 
as  SO2,  in  some  instances),  the  equation  describing 
its  concentration  is  linear.  Because  the  basic 
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governing  equation  is  linear,  if  emission  levels  are 
reduced  or  increased  uniformly,  with  little  alteration 
in  the  distribution  of  emissions  in  time  and  space, 
then  the  resulting  change  in  ambient  pollution  levels 
will  be  directly  proportional  to  changes  in  emission 
levels. " 

There  is  the  important  caveat  underlined  in  the  NAS  report  that 
appears  not  to  be  understood  by  the  JPL  authors.  The  NAS  (p.  96) 
states  further: 

"However,  for  situations  where  distinct  changes  in 
emissions  occur  in  space  and  time,  the  proportional 
approximations  may  be  grossly  in  error  ...  Regardless, 
maximum  concentrations  measured  in  the  central  city  would 
not  be  reduced  in  proportion  to  total  emission  reductions, " 
There  is  general  agreement  that  the  "growth"  of  CO  emissions  with 
time  will  result  in  a marked  change  in  spatial  distribution.  This 
is  because  of  the  saturation  effect  in  the  center  city  where  the 
CO  concentrations  are  measured.  The  expected  growth  is  in  the 
suburban  and  exurban  areas , 

Similar  considerations  apply  to  their  NO2  analysis.  The  JPL 
report  states: 

"Maximum  nitrogen  dioxide  {NO2)  concentrations  also 
appear  to  be  proportional  to  oxides  of  nitrogen  (NOx) 
emissions  in  the  smog  chamber  or  in  the  atmosphere." 

This  statement  is  reasonable  for  smog  chamber  studies,  but  has  little 
basis  for  the  atmosphere.  In  Los  Angeles,  for  example,  the  NOx 
emissions  from-  power  plants  are  physically  separated  from  vehicular 
NOx.  The  power  plants  have  tall  stacks  and  their  NOx  emissions  go 
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into  the  inversion  layer,  where  they  are  transported  some 
distance  before  affecting  ground  concentrations.  In  addition, 

NOx  is  emitted  largely  as  NO  and  not  as  NO2 . The  conversion 
of  NO  to  NO2  will  be  markedly  reduced  in  rate  because-  of  HC 
reductions.  The  result  will  be  that  the  NO  will  be  much 
more  diluted  by  atmospheric  dispersion  before  it  reaches  its 
peak  NO2  concentration.  Again,  the  simplistic  assumption  used 
by  JPL  should  have  been  qualified  by  them  if  we  are  again  to 
accept  their  conclusions  as  at  all  derived  in  a critical  way. 

The  JPL  report  uses  a new  smog  diagram  attributed  to  Schuck 
and  Papetti  as  well  as  the  Barth  diagram  in  relating  HC  concen- 
trations to  oxidant.  The  use  of  these  diagrams  is  quite  controversi..! 
In  fact,  the-  Barth  diagram  is  repudiated  in  the  NAS  report.  A 
critical  analysis  of  the  Schuck -Papetti  diagram  iS'  not  possible 
because  it  -is  unpublished.  One  obvious  flaw  in  the  diagram 
(Fig-.,.  19-7)  is  that  the  extrapolation  should  be  made  to  0.05  ppm 
oxidant,  the  background  level,  and  not,  to  zero.  This  would  make 
the  JPL  predictions  about  HC  control  even  more  severe . 

The  use  of  Larsen's  .statistical  treatment  of  atmospheric 

p 

data  is  often  referred  to  in  the  JPL  report.  Larsen's  point 
in  using  the  statistical  treatment  is  to  give  less  reliance  to  the 
highest  observed  values  because  of  the  possibilities  of  errors. 

Thus,  he  states; 

"One  alternative  is  to  select  a frequency  close  to 
the  actual  maximum,  but  far  enough  away  to  compensate 
for  the  possibility  of  inaccuracy  in  higher  observations. 
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The  0.1  percent  frequency  has  been  selected  for 
this  purpose.  It  represents  the  ninth  highest 
value  in  the  year,  if  data  are  available  for  100 
percent  of  the  hours . " 

The  JPL  report  does  not  follow  this  advice.  They  only  use 
the  highest  value  observed.  Their  frequent  reference  to  the 
Larsen  approach  is  really  the  inverse  of  what  he  did. 
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appendix  J 


SPECIFIC  COI4MENTS  ON  CHAPTER  20: 
"OWNERSHIP  COSTS  AND  ECONOMIC  IMPACT" 


The  calculation  of  (average)  cost  of  ownerhsip  neglected 
the  financial  loss  when  vehicles  are  lost  from  the  population 
early  in  their  life  due  to  catastrophic  causes . This  f inancxal 
loss  increases  as  the  initial  cost  increases  and  should  be 
spread  over  the  population  by  adding  an  increase  in  insurance 
costs  to  the  cost  of  ownership.  Table  13-1,  mean  survival  propa- 
bilityby  age,  could  be  used  to  develop  an  appropriate  cost 
increment  to  add  to  the  ownership  cost. 

The  use  of  fuel  pump  price  in  calculating  ownership  costs 
may  not  be  appropriate  when  the  scenario  assxmies  essentially  the 
entire  vehicle  population  changes  to  a lower  fuel  consumption 
alternative . 

The  part  of  the  fuel  tax  which  is  used  to  build  and  maintain 
roads,  etc.,  is  really  a cost  of  ownership  that  is  independent  of 
the  engine  in  the  vehicle.  If  this  cost  is  not  met  because  fuel 
consumption  per  vehicle  mile  drops  significantly,  either  the  tax 
per  gallon  will  have  to  be  increased  or  an  alternate  source  of 
highway  funds  will  be  required.  Therefore,  it  would  seem  more 
accurate  to  treat  the  current  fuel  tax  as  a fixed  ownership  cost 
and  credit  alternate  engines  with  savings  in  only  the  non-tax 
price  of  the  fuel. 
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Critique  by 

Chrysler  Corporation 
Public  Responsibility  and 
Consumer  Affairs  Staff 
Detroit,  Ml  48231 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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:'l  JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-222-3 

June  29,  1977 


Mr.  S.  L.  Terry,  Vice  President 
Public  Relations  and  Consumer  Affairs ' 

Chrysler'  Corporation 
P.O.  Box  1118 
Detroit,  Michigan  48231 

Dear  Mr.  Terry: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  are  in  receipt  of  your  letter  of  October  16,  1975  to  Bill  Stoney  of  DOT 
wherein  you  provided  comments  on  the  subject  report  for  use  by  the  Federal 
Interagency  Task  Force  on  Motor  Vehicle  Goals  Beyond  1980.  JPL  was  pleased 
to  learn  of  Chrysler 's  Interest  in  the  JPL  report  as  evidenced  by  the 
preparation  of  the  critique,  and  of  Chrysler ’s  conclusion  that  they  "have 
been  uniformly  impressed  with  both  the  thoroughness  and  objectivity  reflected 
in  the  overall  effort.  The  report  contains  good  information  on  not  only  the 
technical  aspects  of  future  power  plant  alternatives,  but  also  on  the 
economic  and  societal  factors  facing  our  Nation  and  the  world  in  the  1980 ’s 
and  beyond". 

The  Chrysler  comments  were  summarized  under  five  headings  which  are  responded 
to  below  in  order  of  their  presentation  in  your  letter.  The  first  comment 
in  the  Chrysler  Summary  concerns  financial  costs,  Chrysler  is  correct  in 
stating  that  JPL  did  not  include  the  costs  to  redesign  the  vehicle  to  take 
maximum  advantage  of  an  alternate  engine.  The  implicit  assumption  was  that 
JPL  recognized  specific  costs  of  alternate  engines  in  addition  to  "buslness- 
as-usual"  costs.  It  was  the  JPL  assumption  that  redesign  of  the  vehicle 
would  be  done  at  periodic  three  to  five-year  major  model  change  points  on  an 
incremental  basis,  and  thus  be  more  properly  classified  as  a business-as-usual 
cost  rather  than  a specific  cost  chargeable  to  the  engine.  It  is  also  true 
that  the  JPL  costs  implicitly  assume  a "success  path"  type  of  development. 
However,  to  the  extent  that  there  might  be  major  setbacks  of  technical,  or 
other  nature,  cost  overruns  could  develop.  We  recognize  this  as  a normal 
business  risk. 
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June  29,  1977 


The  second  comment  concerns  our  estimates  of  a 10-year  product  development 
cycle  leading  to  possible  introduction  in  1985.  Assuming  success,  of 
course,  this  means  work  seriously  started  in  1975,  the  year  of  publication 
of  the  report.  Obviously,  if  one  delays  commencing  the  recommended 
development,  the  completion  date  will  slip  commensurately . 

The  third  Chrysler  Summary  comment  regarding  the  development  effort  justified 
for  the  longer-term  alternatives,  namely  the  Brayton  and  Stirling  engines, 
relative  to  the  near-term  options,  appears  to  be  a matter  of  emphasis  and 
degree.  JPL's  position  has  never  been  that  work  on  stratified-charge  engines 
and  lower  polluting  diesel  engines  should  be  stopped.  We  did,  however,  find 
that  Brayton  and  Stirling  engines  offer  sufficiently  high  potential  that 
substantial  development  effort  appears  warranted. 

Chrysler  and  JPL  are  in  full  agreement  on  the  fourth  Summary  comment  pertaining 
to  the  less  attractive  alternatives. 

• 

The  fifth  Summary  comment  concerns  first-cost  versus  life-cycle  costs.  JPL 
agrees  that  this  is  a controversial  and  complex  area  in  which  knowledge  of 
consumer  behavior  is  Important  but  relatively  sparse.  It  also  appears  to  us 
that  as  the  price  of  fuel  increases  there  will  be  greater  opportunities  for 
creative  merchandising  aimed  at  developing  consumer  awareness  of  life-cycle 
costing. 

Regarding  the  detailed  technical  discussion  section  of  the  Chrysler  critique, 
there  are  many  comments  that  cannot  be  adequately  addressed  here.  The 
responses  to  these  points  will  be  implicitly  incorporated  in  the  appropriate 
Technical  Task  Summaries  as  explained  in  the  enclosure. 

Regarding  the  final  comment  that  "Chrysler  encourages  any  further  efforts  to 
update  and  refine  the  data  provided  in  the  JPL  report",  we  are  endeavoring 
to  do  just  this  in  our  on-going  ERDA-sponsored  work.  We  look  forward  to 
further  opportunities  for  dialogue. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  • 
and  Projections 


HEC : tm 
Enclosure 
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Hi'.  W.  E.  Stoney 

Acting  Assistant  Secretary  for 

Systefns  Development  and  Technology 
Office  of  the  Secretary  of  Transportation 
400  Seventh  Street,  S.  W, 

Washington,  D,  C.  20590 

Dear  Hr.  Stoney: 

In  reply  to  your  letter  of  September  24,  attached  is  a critique  by 
Chrysler  Corporation's  Research  Department  on  the  report  published  by 
the  California  Institute  of  Technology,  Jet  Propulsion  Laboratory  (JPL 
report),  "Should  Ue  Have  a Nev?  Engine?  An  Automobile  Power  Systems 
Evaluation,"  JPL  SP  43-17,  August  1975. 

In  general,  rhe  attached  critique  follows  the  outline  and  conclusions 
reached  in  the  JPL  report.  However,  it  is  appropriate  to  note  that  no 
alte-rnare  power  plant  v;ill  be  introduced  for  automobiles  unless  its  over- 
all cost  can  be  justified  by  the  manufacturer  as  a worthwhile  investment. 
The  cost  of  tooling_any  alternate  power  plant  for  automobiles  runs  into 
hundreds  of  millions  of  dollars . To  take  the  risk  inherent  in  making 
such  an  investment,  a manufacturer  must  be  certain  of  at  least  five  years 
to  ten  years  of  volume  production  of  rhe  engine  in  order  to  compete  cost- 
wise  and  price-w'ise  with  competitive  engines  of  the  then  current  design. 
Thus,  when  considering  the  timetable  involved  in  getting  alternate  engines 
into  production,  at  least  several  years  must  be  added  to  cover  the  time 
necessary  to  develop  the  manufacturing  processes  and  tooling  required  to 
produce  the  engine  in  volume.  For  both  the  Stirling  and  the  Brayt on-cycle 
engine  the  problems  involved  in  reaching  efficient  low-cost  voJ.ume  produc- 
tion aijpear  to  be  very  substantial. 

I hope  that  the  critique  and  the  foregoing  comments  V7ill  provide  useful 
information  for  the  Interagency  Task  Force  in  preparing  their  report:  on 
Kotor  Vehicle  Goals  Beyond  1980. 
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CHRYSLER  CORPORATION  COMMENTS  ON  THE  J.P.L. 
EVALUATION  OF  ALTERNATIVE  AUTOMOTIVE  POWER  SYSTEMS 


Introduction 


The  follov/ing  report  is  a critique  of  the  Jet  Propulsion  I,aboratory 's  Evaluation 
of  Alternative  Automotive  Power  Systems  for  the  1980's.  In  our  review  of  the 
J.  P.  L.  report  we  have  been  uniformly  impressed  with  both  the  thoroughness 
and  objectivity  reflected  in  the  overall  effort.  The  report  contains  good  informa- 
tion on  not  only  the  technical  aspects  of  future  power  plant  alternatives,  but  also 
on  the  economic  and  societal  factors  facing  our  nation  and  the  world  in  the  '80 's 
and  beyond.  Chrysler  Corporation  does,  however,  question  some  of  the  recom- 
mendations contained  in  the  report  and  the  conclusions  that  can  be  assumed  from 
them. 

We  agree  that  the  minimum  time  frame  for  developing  and  tooling  a new  power 
plant  is  ten  years.  We  also  a.gree  that  the  time  to  start  tlie  clock  running  for  the 
ten  year  period  is  at  the  time  that  adequate  funding  is  applied  to  the  project. 

Thus  the  J.P.  L.  report  should  not  be  construed  to  mean  that  a new  power  plant 
will  be  in  production  by  1985,  because  clearly  funding  of  the  magnitude  the  report 
recognizes  to  be  required  for  an  endeavor  of  this  size  has  not  been  applied,  nor 
does  it  seem  likely  that  it  will  be  in  the  near  future.  Even  assuming  the  ten  year 
time  frame  for  the  development  of  an  all  new  engine,  we  do  not  agree  that  the 
new  power  plant  will  or  can  compete  with  the  internal  combustion  engine  on  all 
counts  of  fuel  economy,  reliability,  performance  and  even  exhaust  emission  quality. 

Some  alternate  power  plants  have  theoretical  advantages  over  the  internal  combus- 
tion engine.  These  theoretical  advantages  have. caused  Chrysler  and  many  other 
industrial  firms  to  spend  tens  of  millions  of  research  dollars  investigating  them 
over  the  years.  But  as  any  engineer  or  scientist  knows,  there  is  a great  deal  of 
effort  required  to  turn  a theoretical  idea  into  a reality.  A lot  of  hard  work  and 
money  remain  to  be  spent  to  prove  that  a new  power  plant  will  or  can  be  more 
efficient  for  vehicles  of  the  1930 's  and  beyond.  The  internal  combustion  engine 
has  become  the  proven  workhorse  for  vehicular  propulsion  for  over  seven  decades 
and  a great  deal  of  effort  and  money  is  going  to  be  required  to  develop  a successor 
that  can  match  or  exceed  its  capabilities,  particularly  in  the  light  of  probable 
future  improvements.  In  this  regard  we  agree  that  given  adequate  time  for  dev- 
elopment, cars  equipped  with  Otto  engines,  can  be  improved  to  meet  J.P.  L's  assump- 
tions for  emissions  requirements  and  also  provide  improvements  in  fuel  economy. 
(J.P.L.  's  emission  reqiiiremcnt  assumptions  are  0.4,  3.4,  '2.0  nationally  and 
0.4,  3.4,  0.4  for  the  L.  A.  basin  only) 

The  following  discussion  summarizes  Chrysler 's  specific  comments  on  the  J.P.L. 
report: 
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Summnry 

1.  The  findings  and  recommendations  of  the  report  appear  reasonable  on 
the  surface.  We  arc  concerned,  however,  that  because  the  subject  is 
so  involved  and  coiirplex,  it  can  be  easily  misinter j>r eted,  resulting  in 
improper  conclusions.  This  is  particvilarly  true  in  regard  to  the 
financial  assumptions  and  supporting  development  capabilities.  For 
example,  the  report  concludes  there  is  "ready  availability  of  resources 
for  conversion  to  vehicles  with  alternate  engines".  This  conclusion  is 
apparently  based  only  on  the  cost  and  research  required  for  the  engine 
changeover  itself,  and  does  not  include  that  required  for  the  total 
vehicle  redesign  to  take  full  advantage  of  the  new  concept.  Additionally, 
the  cost  of  developing  the  advocated  engines  apparently  does  not  include 
the  cost  of  supporting  existing  vehicles  and  power  plants  during  the 
phase-out  period  or  of  pursuing  additonal  alternatives.  Experience  has 
shown  that  a plan  of  action,  funding  requirements,  and  anticipated  results 
defined  on  a "theoretical"  basis  are  rarely  accurate  predictions  of  an 
"actual"  long  range  R&D  effort. 

2.  Throughout  the  J.P.L.  report,  "on  or  before  1985"  is  repeatedly  stated 
as  the  time  frame  in  which  any  of  the  Mature  alternates  could  be  brought 
to  initial  production.  However,  in  the  verbal  briefing  to  Chrysler,  J.  P.  L. 
cautioned  that  this  should  be  interpreted  as  10  years  from  time  zero. 

Only  when  firm  programs  are  established  by  industry  and/or  government 
will  time  zero  be  established.  It  is  therefore  emphasized  that  the  1985 
date  is  of  itself  irrelevant. 

3.  In  their  summary,  J.P.L.  is  very  specific  in  recommending  that  devel- 
opment efforts  should  be  concentrated  on  the  Brayton  and  Stirling  engines 
and  that  one  or  both  should  be  introduced  as  soon  as  their  benefits  (fuel 
economy  and  emissions)  can  be  realized  in  economically  mass  productiblc 
hardware.  However,  in  the  body  of  the  report,  J.P.L.  does  not  rule  out 
either  the  diesel  or  the  stratified  charge  engines^  a point  that  is  lost  in 
light  of  the  strong  conclusions  and  recommendations  regarding  the  Brayton 
and  Stirling  engines.  Chrysler  studies  indicate  that  equal  priority  should  ■ 
be  given  to  the  Diesel  and  Stratified  Charge  engines;  the  Continuously 
Variable  Transmission;  and  the  present  Otto  engine  until  a clearer  choice 
is  apparent.  Specifically,  this  differs  from  the  J.  P,  L.  recommendation 
because: 

a)  We  disagree  with  J.P.L.  's  premise  that  a CVT  will  benefit  all 

engines  equally.  Our  studies  indicate  that  it  will  benefit  the  Otto, 
Diesel,  and  Stratified  Cliarge  engines  significantly  more  than  the 
Bray  ten  and  Stirling. 
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b)  We  disagree  with  J.P.Ij,  's  premise  regarding  sizing  the  varioiis 
engines  to  provide  the  same  acceleration  from  a standing  start. 

Our  automotive  experience  indicates  that  this  criteria  alone  is 
insufficient  to  provide  a conamon  performance  ba.sis  for  com- 
parison.. Other  performance  factors,  such  as  50-70  passing 
ability  should  be  included,  which  result  in  different  engine 
sizes  and  therefore  differences  in  fuel  economy  predictions. 

c)  The  results  of  our  own  efforts  on  Diesel  and  Stratified  Charge 
engines  indicate  that  these  engines  have  development  potential 
for  low  emissions  as  well  as  good  fuel  economy  and  that  they 
cannot  be  ruled  out  as  potential  alternatives  at  this  time. 

Our  conclusions  therefore,  are  that  the.  superiority  of  the  Brayton  and 
Stirling  engines  have  not  yet  been  sufficiently  estabJished,  and  that  the 
other  alternatives  merit  continued  development.  This  additional  dev- 
opment  effort  invalidates  J.P.L.  's  conclusions  regarding  both  funding 
availability  and  time  required, 

. 4.  We  agree  with  J.P.L.  's  conclusion  that  the  Rankine,  Electric  and 

Hybrid  engines  are  not  viable  alternative  concepts  for  the  80' s.  Our 
studies  concur  that  on  a comparable  basis  the  steam  Rankine  engine 
is  inherently  deficient  in  fuel  economy  and  high  in  cost.  Our  studies 
on  hybrid  engines  concur  that  overall  system  complexity,  cost  and 
weight  (engine,  electric  motor,  battery  transmission,  etc,)  are 
excessive  with  nonsignificant  advantage  in  fuel  economy  or  emissions. 

♦ 

5.,  Our  experience  indicates  that  J.P.L.  's  direct  balancing  of  higher  first 
cost  against  reduced  operating  expense  is  overly  simplistic.  Granted, 
it  might  apply  to  commercial  sales,  but  experience  tells  us  that  first 
cost  is  by  far  the  major  consideration  in  a highly  competitive  consuineT 
market. 

Di  scussion 


The  following  is  a more  detailed  discussion  of  the  major  technical  conclusions  made 
in  the  J.  P.  L.  report: 

1.  Use  of  a Continuously  Variable  Transmission  (CVT) 

The  J.P.L.  report  stales  that  the  use  of  the  CVT  w-ill  improve  the  fuel 
economy  of  all  engine  concepts  equally.  We  disagree,  (This  trans- 
mission concept  matches  engine  speed  to  vehicle  speed  in  such  a way 
as  to  approach  the  ratio  desired  for  maximum  fuel  economy.) 
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Chryblcr  sludic?  support  J.  P.  L.  's  conclusions  that  the  fuel  economy 
of  the  standard  OUo  engine,  the  diesel  or  tlie  stratified  charge  will 
improve  by  approxi njately  15%  with  the  use  of  this  transmission. 
How(;vcr,  our  studies  indicate  tliat  because  of  the  flat  specific  fuel 
consumption  characteristics  of  the  Stirling  and  free  turbine  engines 
the  use  of  the  CVT  results  in  much  less  improvement.  We  furtlier 
believe  that  within  the  ten  year  time  frame,  the  CVT  is  a more  likely 
development  than  any  of  the  new  engine  alternatives.  If  developed,  the 
CVT  would  improve  the  relative  fuel  economy  position  of  the  conven- 
tional Otto  engine,  diesel  and  stratified  charge,  versus  the  Stirling 
and  free  Uirbinc  concept. 


Engine  Size  for  Comparable  Performance 


The  J.P.L.  report  uses  an  Otto -Engine -Equivalent  (OEE)  vehicle  con- 
cept to  establish  the  alternate  engine  size  and  vehicle  v/eight.  It  takes 
into  account  the  differences  in  torque-speed  characteristics,  specific 
power  (HP/LE)  and  the  packaging  of  alternative  power  plants.  These 
power  plant  effects  then  dictate  corresponding  structural  weight  changes 
in  the  rest  of  the  vehicle.  This  approach  is  critical  to  their  study  and 
affects  v'eight,  performance,  fuel  economy,  emissions,  cost,  etc. 

JPL  chose  to  size  the  various  engines  by  using  equivalent  0 to  60  accel- 
eration rates  for  all  cars.  By  doing  this  other  performance  such  as  the 
50-70  mph  passing-ability  was  allowed  to  vary.  The  magnitude  of  this 
variation  is  summarized  in  the  following  table: 


Pov'er  to'^  Reference 


Concept 

Time=^^ 

0-60 

HP* 

Curb* 

Wt. 

Weight  with 
300#  Test 

Passing  Time 
50-70  mph 

US  Otto 

13.  5 

125 

3100 

. 037 

6.9 

Bray  ton 

- 

F.  T. 

13.  5 

89 

2710 

.030 

8.  6 

Stirling 

13,  5 

99 

3050 

.030 

8.  6 

Diesel 

13.  5 

131 

334-0 

. 039 

6.  6 

OEE  Cr>ncepl 
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The  chart  shows  significant  differences  in  passing  time  results.  To 
provide  more  equivalent  perforinance,  balancing  acceleration  ability 
and  passing  ability,  the  Brayton  F.  T.  , for  example  would  have  to  be 
up  sized  to  approximately  107  l:p.  This  would  increase  its  size  by 
20%  and  reduce  its  .fuel  economy  by  about  10%.  Thus,  while  a concen- 
trated  effort  was  made  to  evaluate  the  alternates  on  a common  per- 
formance  basis,  we  do  not  agree  with  the  criteria  chosen-. 


3.  Reference  Engine,  - The  Uniform  Charged  Otto 

The  J.P.L.  report  refers  to  the  standard,  spark  ignition  engine  as  the 
U.  C.  Otto.  Their  Mature  version  of  tliis  engine  is  presumed  to  be  of 
a reciprocating  configuration,  either  4 cylinder  in  line,  V6  or  V8 
depending  on  engine  size,  J.P.  L.  assumes  that  this  engine  will  be 
capable  of  5%  lower  BSFC  than  the  best  of  the  1975  engines  through 
improvements  in  the  induction  system,  and  moreover  capable  of 
meeting  the  . 4g/mile  NOx  level  using  only  a 3-way  catalyst  regard- 
less of  vehicle  size. 

Based  upon  Chrysler 's  experience  to  date,  this  latter  assumption  is 
overly  presumptive  and  could  lead  to  erroneous  conclusions  regarding 
future  developments  because  at  this  time  we  know  of  no  system,  includ- 
ing the  3-way  catalyst  that  is  capable  of  meeting  these  standards.  We 
agree  that  the  low  emissions  target  will  eventually  be  met,  but  the 
exact  nature  of  the^  system  and  the  time  to  develop  it  are  still  unknown. 

For  their  Advanced  U.  C.  Otto  concept  (circa  1990)  J.P.L.  assumed 
that  an  additional  15%  in  fuel  economy  could  be  achieved  through  devel- 
opment of  materials  and  seals  for  a ceramic  rotor  Wankel.  We  question 
this  selection  until  the  effect  of  heat  loss  on  fuel  economy  has  been 
determined.  The  surface  of  volume  ratio  of  the  Wankel  combustion 
chamber  is  over  double  that  of  a reciprocating  engine,  a factor  intrin- 
sically detrimental  to  fuel  economy. 

4.  Diesel  Engine 


J.P.L,  's  analysis  indicates  an  approximate  overall  cost  advantage  of 
only  $60  for  owning  and  operating  a diesel  powered  vehicle  for  3 years. 
They  conclude  tliat  this  is  insufficient  to  warrant  its' wide- spread  use 
in  passenger  cars.  This  judgment  stems  essentially  from  their  choice 
of  the  turbo-charged  pre-chamber  engine  to  represent  the  diesel  class. 
V.''e  suggest  instead  that; 

1)  The  specific  power  deficit  of  diesol  engines  compared  to  U.C.  Otto 
engines  is  not  so  large  as  to  warrant  the;  use  of  turbo-charging  fot 
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passenger  car  application.  Increased  displacement  (10  to  20%) 
can  be  a more  cost-effective  means  of  achieving  the  desired  per- 
formance level  in  a given  vehicle  without  significant  depreciating 
fuel  economy  (being  an  untlirottled  engine). 

2)  The  open-cliamber  diesel  has  significant  efficiency  advantages  over 
the  pre-chamber  engine.  Additionallyj  there  are  recent  indications 
that  its  emissions,  peak-pressure  and  noise  problems  can  be  solved. 

The  result  of  the  above  changes  to  the  input  format  of  the  analysis  would 
improve  both  the  initial  and  operating  costs  of  the  diesel  powered  veiiicle, 
and  thus  the  lifetime  savings  over  a U.C.  Otto  vehicle.  We  -suggest, 
therefore,  that  the  Mature  diesel  engine  may  well  play  an  important  role 
in  the  transition  from  today's  engine  to  that  of  the  next  generation  of 
power  plants. 


5.  Stratified  Charge  Otto  Engine 


At  J.P.L,  's  2g/mi  reference  NOx  level,  our  experience  has  indicated 
a 20  to  30%  fuel  economy  advantage  for  the  TCCS  Stratified  Charge  engine 
over  the  U.C.  Otto.  Published  data  presented  to  EPA  by  Ford  Motor  Co. 
have  indicated  similar  advantages  for  PROCO.  This  conflicts  with  the  - 
J.  P.  L.  finding  that  S.  C.  Otto  fuel  economy  is  only  slightly  higher  thari 
the  corresponding  Mature  U.  C.  Otto  power  system. 


We  do  not  accept  the  suggestion  that  the  potential  for  lower  NOx  emissions 
of  a Stratified  Charge  does  not  represent  a major  long-term  advantage. 

Finally,  we  do  not  accept  the  proposal  of  a rotary  engine  for  the  advanced 
configuration  for  the  reasons  stated  earlier. 

In  the  light  of  these  potentials,  it  is  our  opinion  that  the  Stratified  Charge 
engine  can  not  be  ruled  out  as  an  interim  or  long  range  possible  candidate. 

6.  Brayton  Engine 

The  J.P.L.  's  report  considered  two  distinct  arrangements  of  gas  tm'bine 
engines:  (1)  a single  shaft  engine  requiring  the  use  of  a CVT  and  (2)  a 
free  turbine.  Details  of  their  Mature  free  turbine  concept  closely 
parallels  the  design  we  are  currently  working  on  under  an  E.  R.  D.  A. 
contract.  We  are  scheduled  to  have  ovir  first  engine  running  in  April  of 
1976-.  A comparison  of  predicted  BSFC  values  is  as  follows: 


3-10 


77-40 

-7- 


% Power  BSFC 

JPL,  Mature  Chrysler /KRDA 


20 

.55 

.60 

50 

.44 

. 46 

ioo 

.44 

.44 

As  shown,  there  is  excellent  agreement  at  high  power  level.  The 
disagreement  at  low  power  level  is  principally  due  to  our  selecting  a 
more  conservative  part  load  temperature  schedule  than  did  J.P.  JL. 

J,  P.  L.  concludes  that  an  Upgraded  engine  concept  such  as  the  Chrysler/ 
ERDA  is  a potential  production  candidate.  We  consider  it  to  be  margina.1 
at  this  time.  Our  reason  for  this,  as  discussed  earlier,  is  that  the  turbine 
should  be  judged  with  respect  to  a CVT  equipped  Otto  engine,  and  at  a size 
adjusted  upward  to  avoid  an  excessive  penalty  in  vehicle  passing  lia-ne. 
Taking  these  factors, into  account,  the  Mature  Brayton  engine  would  pro- 
ject little  or  no  fuel  economy  advantage  over  the  Otto  engine.  However, 
its  low  emissions,  use  of  broad  cut  fuels,  and  reliability  might  still 
make  it  a desirable  choice.  As  material  technology  advances,  allowing 
turbine  operation  at  higher  temperatures,  significant  improvements  in 
fuel  economy  might  be  expected.  • 

J.P.  Li.  predicts,  and  we  would  agree,  that  a single  shaft  engine  cOuld 
be  made  to  operate  more  efficiently  than  a free  turbine.  However, 

. response  time  is  more  of  a problem  with  the  single  shaft  design.  Our 
analysis  indicates  that  until  a ceramic  turbine  wheel  is  available  the 
single  shaft  design  is  not  practical. 

I 

For  the  Advanced  Brayton  engine,  J.  P.  L.  anticipates  increasing  cycle 
temperature  from  the  1900^F  level  of  the  Mature  engine  to  2500°P. 

This,  of  course,  is  predicated  on  the  use  of  ceramic  or*  other  high 
temperature  material  which  permits  the  use  of  the  simpler  single  shaft 
arrangement.  We  predict  a 30%  improvement  in  fuel  economy  for  the 
Advanced  single  shaft  engine  over  the  Mature  free  turbine.  This  is  less  ' 
than -predicted  by  J.P.L. , but  significant  enough  to  make  the  Advanced 
concept  an  attractive  long  term  candidate.  Paz'allel  development  of  the 
required  CVT  is,  of  course,  again  presumed. 

7.  Stirling  Engine 


Current  Stirling  engine  concepts  utilize  hydrogen  gas  at  3000  psi  as  a 
working  fluid.  The  development  of  adequate  sealing  of  this  gas,  especially 
in  a mass  production  application,  will  be  a monumental  engineering  challenge. 
Maintaining  satisfactory  engine  response  by  controlling  the  amount  of  dead 
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volume  within  the  engine  or  by  varying  the  pressure  level  of  the 
working  fluid  will  similarly  be  a major  challenge.  However,  because 
of  the  engine  potential:  excellent  fuel  consxunption,  especially  at  light 
load;  quietness;  and  use  of  clean  burning  continuous  combustion  wiLli 
broad  cut  fuels,  we  beheve  that  it  is  an  excellent  candidate  for  alternate 
engine  d e v c- i o e n fc . 


Final  Comment 


As  noted  above  Chrysler  disagrees  with  several  of  the  conclusions  in  the  J.P.L. 
report.  Nevertheless  we  want  to  reemphasi/.e  that  wc  consider  the  report  to  be 
an  excellent  effort  which  has  provided  extremely  useful  information.  It  has  pro- 
vided us  with  a detailed  reference  against  which  we  are  able  to  review  and 
reexamine  our  sta.ted  position  on  the  various  alternative  engines. 

Finally,  Chrysler  eiicourages  any  further  efforts  to  update  and  refine  the  data 
provided  in  this  report. 
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i JET  PROPULSION  LABORATORY  Caliloima  Itistilute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-221-4 

June  29,  1977 


Mr.  D.  Downs,  Director 

Ricardo  & Co.  Engineers  (1927)  Ltd. 

Bridge  Works,  Sh.oreham-by-Sea 
West  Sussex  BN45FG 
England 

Dear  Mr.  Downs: 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  are  responding  at  this  time  in  accordance  with  our  restructured  heat 
engine  program  as  summarized  in  the  enclosure.  The  Ricardo  and  Co. 
critique  of  the  subject  report  is  a thorough  and  detailed  review  of  the 
technical  areas  of  the  study.  We  appreciate  your  sharing  the  results  of 
this  intensive  analysis,  which  reflects  Ricardo's  long  experience  in  heat 
engine  development. 

The  scope  of  the  Ricardo  review  is  so  broad  that  responding  to  all  of  your 
specific  points  is  not  feasible  within  the  constraints  of  this  response. 
These  specifics  are  being  Integrated  into  our  current  work  plan  while  the 
main  thrust  is  discussed  here.  Thus,  our  responses  to  the  critique  will 
be  incorporated  in  our  ERDA  funded  (see  enclosure)  work,  rather  than 
addressed  in  this  letter. 

The  general  thrust  of  your  review  is  that  JPL’s  Otto  cycle  and  Diesel 
engine  assessments  assume  too  little  improvement  in  the  future,  while  the 
Stirling  and  Brayton  engines  are  evaluated  too  optimistically.  Our 
judgement  was  based  on  the  long  development  history  of  the  Otto-cycle 
and  Diesel  engines,  and  on  the  fact  that  intermittent-combustion  engines 
are  largely  limited  by  thermodynamic  considerations.  The  Brayton  and 
Stirling  (continuous-combustion)  engines,  on  the  other  hand,  appear  more 
responsive  to  improvements  in  temperature  capability  of  materials  and 
in  component  efficiencies. 


tp 
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Again,  these  broad  judgements  are  not  addressed  here,  although  our 
Brayton  engine  projections  were  supported  in  a letter  from  J.  D.  Collins 
of  the  Ford  Motor  Company  to  Ricardo,  dated  3 February  1976  (copy  attached). 
We  intend  in  our  on-going  work  to  give  special  emphasis  to  the  overall 
status  and  future  prospects  for  each  of  the  alternate  engine  types. 


Again,  we  would  like  to  thank  Ricardo  for  furnishing  us  with  their 
comprehenvise  review  and  critique,  and  appreciate  your  continued  interest 
in  our  program. 


Harry  E.  Cotrlll,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HEC : tm 


Enclosures  (2) 
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Eicardo  & Co,  Engineer  (1927)  Ltd. 

Bridge  V7ork3 , Shorehan-by-Sea 
Sussex  Dlll+  5FG  EI'JGLAI'E) 

Gentlenen, 

We  have  read,  with  interest,  your  review  (D.P.  20583)  of  2kth 
November,  1975  of  the  J.P.L.  (Jet  Propulsion  Laboratory)  report 
on  alternative  engines  and  would  like  to  coiasnt  in  particular 
on  your  views  concerning  the  gas  turbine. 

We  would  agree  that  1985  ^7  be  too  early  to  ercpect  production 
of  the  ceramic  gas  tvirbine. 

On  page  11  of  your  review,  you  indicate  that  J.P.L.  estimates  of 
fuel  econoisy  cay  be  10^  optiniistic  for  a nature  3cHP  design  and 
15^  optimistic  for  the  advance  86H?  design  due  to  potential  losses 
in  tiirbine  wheel  efficiency.  We  believe  that  the  efficiencies 
assumed  by  J.P.L.  are  reasonable  for  the  following  reasons. 

Recent  work  by  NASA  reported  in  ASMS  publication  72-GT-if2  shows 
results  from  a family  of  wheel  designs  of  5"  diameter  in  which 
efficiencies  of  92  to  93^  were  demonstrated  at  pressure  ratio  of 
approximately  2:1.  We  believe  that  is  an  appropriate  size  for  a 
lOOKP  nature  engine  and  the  level  of  pressure  ratio  is  in  the 
range  that  we  design  for  in  order  to  attain  peak  efficiency  under 
road  load  operating  conditions.  If  this  wheel  were  scaled  down 
to  a 36HP  range,  w^e  would  expect  a.  reduction  in  wheel  diameter 
and  Reynolds  number.  Eased  on  this  NASA  work  and  the  ■?rork  of 
Ricardo  & Co.,  Mr.  G.  F.  Hiett's  paper  13  in  19c^,  published  by 
the  Institute  of  Mechanical  Engineers,  we  would  not  expect  a loss 
of  more  than  3 points  of  efficiency  for  this  change  of  Reynolds 
nmber.  Further,  based  on  the  NASA  work  and  Mr.  Hiett's  work,  we 
would  e:<pect  that  any  adverse  effects  due  to  operating  clearances 
resulting  from  scaling  would  be  negligible.  Since  J.P.L.  had 
assumed  85/^  efficiency  total~to~total , we  believe  they  have  been- 
conservative. 


Ford  Motor  Company 
2GOOO  Rotunda  Drive 
Dearborn.  Michigan  48121 

February  3,  1978 
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Turning  to  the  assumptions  for  the  advanced  2500°P  engine,  we  have 
been  using  a design  analysis  method  developed  by  NASA  for  obtaining 
maximum  efficiency  and  off  design  predictions  reported  in  their 
notes  TN  D-438Ji  and  TN  D-8o63,  respectively.  -Vniile  somewhat  limited 
in  attaining  optimum  specific  speed  by  currently  available  material 
properties  of  cerainics,  we  project  that  88^  efficiency  will  be 
reasonably  attainable  with  a wheel  of  4"  to  5"  diameter,  which  is 
the  approximate  sise  needed  for  the  higher  tip  speeds  of  a lOOHP 
high  temperature  engine.  With  potential  improvements  of  material 
properties  of  new  ceramics,  which  ve  are  currently  working  on,  we  . 
believe  that  wheel  efficiency  can  eventually  be  pushed  to  signifi- 
cantly higher  values. 

Incidentally,  the  NASA  design  method  does  correlate  with  the  results 
from  a 5"  diameter  wheel  that  we  designed  several  years  ago  with 
which  we  demonstrated  90^  efficiency  at  h;l  pressure  ratio. 

You  had  posttilated  that  ceramic  wheels  could  not  be  made  to  the 
same  level  of  accuracy  as  metal  -t^heels,  but  this  ve  do  not  find 
to  be  the  case.  Although  all  of  our  fabrication  development  has 
been  done  on  axial  type  wheels , we  are  now  able  to  fabricate 
ceramics  both  by  injection  molding  and  slip  casting  with  accuracy 
equal  to  investment  cast  wheels,  and  have  obtained  trailing  edge 
thicknesses  also  eq.uaj,  to’  metal  wheel  practice.  *rfe,  therefore, 
believe  that  the  turbine  efficiency  of  assimed  by  J.P.L.  is 
reasonable. 

Ve  would  agree  that  mass  produced  components  will  show  variations 
from  the  experimental  parts  on  which  the  case  is  built.  However, 
ve  have  found  in  our  limited  production  of  turbine  engines  that 
the  adverse  effects  of  these  variations  are -due  more  to  mismatch 
of  compressors  and  turbines  ranher  than  irdierent  less  of  component 
efficiency.  We  believe  that  in  high  voltune  production,  ve  will 
have  a better  opportunity  to  overcome  this  problem  by  selective 
fit  of  components, 

On  the  subject  of  combustor  performance,  we  find  that  our  exper- 
ience does  not  support  your  concerns . In  order  to  meet  the  most 
stringent  requirements  for  NOx  and  stay  within  the  window  between 
high  NOx  and  high  CO,  it  is  necessary  to  stay  within  a fairly 
narrow  range  of  flame  temperatiore  or  fuel/air  ratios  in  the  com- 
bustion zone.  KC  concentrations  are  not  a problem.  In  order  to 
accomplish  this  control  throughout  the  operating  range,  it  is 
necessary  to  vary  the  ratio  of  air  provided  to  the  primary  or 
combustion  zone  and  that  provided  to  the  dilution  zone.  This 
requires  the  use  of  variable  geometry  and,  in  addixion,  prevapor- 
ization of  the  fuel  and  premixihg  with  the  air  is  required  to 
prevent  droplet  burning  and  consequent  local  stoichiometric  com- 
bustion which  produces  high  NOx.  Prevaporization  of  the  fuel  is 
aided  by  the  high  combustor  inlet  temperature  of  a regenerative 
engine.  By  this  method,  we  are  also  able  to  control  combustion 
temperatures  during  transient  operation  if  the  change  of  variable 
geometry  position  is  accurately  timed  to  the  change  of  fuel  flow; 
this  ve  have  also  demonstrated. 
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Vith  this  type  of  combustor,  it  vill  be  possible  to  attain  emis- 
sion levels  well  below  the  .l|l/3.^/.^i0  gni/mile  futirre  requirement 
of  our  government  even  in  the  2500°F  advanced  engine.  General 
Motors  has  demonstrated  in  a vehicle  this  level  of  emissions  with 
their  low  temperature  metal  engine.  With  very  low  HC  and  CO  emis- 
sions, combusnion  efficiency  is  by  definition  very  close  to  100^. 

You  had  expressed  concern  about  the  fuel  volatility  limits  of  the 
turbine  combusnor.  We  find  that  our  low  emission  combustor  works 
.equally  well  with  diesel  fuel  or  gasoline,  and  the  leading  oil 
companies  tell  us  that  if  turbine  vehicles  become  plentiful,  the 
best  energy  conservation  use  of  a barrel  of  crude  oil  would  yield 
a broad  cut  fuel  with  boiling  point  limits  essentially  between 
these  two  extremes. 

You  had  quesxioned  the  need  for  a torque  converter  with  the  two 
shaft  or  free  turbine  type  and  suggested  that  its  elimination 
would  improve  the  free  turbine  fuel  economy.  There  are  several 
reasons  for  use  of  the  torque  converter.  We  have  biiilt  free 
turbine  passenger  cars  without  the  torque  converter,  and  find 
it  difficult  to  maintain  acceptable  shift  smoothness  in  the 
automatic  transmission  without  the  torque  converter  and,  in 
addition,  we  find  that  the  exhaust  noise  tends  to  he  unacceptable 
with  a stalled  power  turbine.  Chrysler,  on  xhe  other  hand,  has 
included  the  torque  converter  for  other  reasons . By  dri'/ing 
accessories  from  the  power  x'orbine  they  can  eliminate  the  cosx 
of  a second  reduction  gear  for  accessories  and  can  significantly 
reduce  engine  starxing  power  requirements  and  battery  size.  The 
starter  is  directly  connected  to  the  gasifier  shaft  by  a rubber 
belt.  Secondly,  by  removing  the  accessory  load  from  the  gasifier 
shaft,  engine  response  and  idle  fuel  consumption  should  be  improved. 
The  latter  is  important  to  overall  fuel  consumption  on  any  driving 
schedule  that  includes  a significant  amount  of  idle  time.  For 
these  reasons,  we  do  not  believe  that  the  torque  converter  should 
be  eliminated  from  the  free  turbine  nor  that  so  doing  woxild  signi- 
ficantly improve  overall  fuel  consumption. 

In  summary,  we  would  agree  that  1985  may  be  too  early  to  expect 
the  advanced  ceramic  turbine  as  there  is  a great  deal  of  work 
yet  to  be  done.  We  believe  that  J.P.L.  assumptions  for  component 
efficiency  are  in  general  reasonable,  but  in  particular  we  feel 
that  the  turbine  wheel  efficiency  for  the  mature  engine  is  con- 
servative. We  do  not  believe  that  their  projections  of  fuel 
economy  are  unrealistic  because  of  turbine  efficiency  or  because 
of  transient  operation  of  the  combustor.  We  believe  that  the 
fuel  volatility  tolerance  range  of  the  turbine  is  sufficiently 
broad  and  that  the  optimal  turbine  fuel’  of  the  future  will  have 
no  adverse  affect  on  combustion  efficiency,  flexixility  or  emis- 
sions . We  do  not  believe  that  the  free-  turbine  sr.ould  be  used 
without  a torque  converter  nor  do  we  believe  that  so  doing  would 
significantly  improve  overall  fuel  cons-umption.  Vhile  the  CVT 
transmission  efficiencies  assumed  by.  J.P.L.  are  mzdest,  they  do 
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correspond  to  those  we  have  attained  in  use  with  a single  shaft 
turbine.  If  a more  efficient  C’/T  is  developed  in  the  future, 
we-  believe  that  the  single  shaft  and  free  turbine  will  benefit 
approximately  equally . 

I hope  that  these  thoughts  on  our  part  will  help  you  in  your 
thinking  about  the  turbine  engine. 


Very  truly  yours. 


J.  D.  Collins 


BlK/ffid 
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30th  July  1976 


Mr.  G.J.  Nunz, 

Manager, 

Surface  Transportation  Studies, 

Jet  Propulsion  Laboratory, 
California  institute  of  Technology, 
4800  Ock  Grove  Drive, 

Pasadena,  California  91 103, 

USA. 


Dear  Mr.  Nunz, 

Thank  you  for  your  letter  of  the  8th  June,  only  recently  received. 

We  should  be  pleased  to  give  you  permission  to  publish  pages  4 to  16  of  our 
critique,  as  requested  in  your  letter. 
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3.  RICARDO  COMMENTS 


To  enable  the  Ricardo  comments  to  be  related  to  the  report  the  Chapter 
numbers  used  will  be  quoted  for  reference, 

3.1  Presentation  of  the  Report 

The  scope  of  the  survey  is  impressive  as  it  not  only  encompassed  the 
problems  of  the  various  powerplants,  but  also  the  effects  of  each  on  safety, 
U.S.  fuel  requirements,  material  resource  requirements  and  the  impact  on 
air  quality. 

3.2  Chapter  2 - Fundamental  Considerations  of  Heat  Engines 

for  Automotive  Propulsion 

Ricardo  agree  with  the  fundamental  analysis  of  the  various  powerplants. 

3.3  Chapter  3 - The  U.C.  Otto  Automotive  Power  System  (Baseline) 

(uniform  charge  spark  ignition  engines) 

Ricardo  agreed  in  general  with  the  assessment  of  the  present  config- 
uration, but  queried  those  of  the  mature  and  advanced  configurations.  The 
mature  engine  was  to  be  similar  to  the  present  engines  with  the  exception 
of  some  form  of  sonic  carburettor  and  a more  complex  after  treatment  of 
the  exhaust.  This  assumes  that  engine  design  has  or  will  stagnate  in  the 
next  10  years.  Ricardo^ consider  that  much  attention  will  be  focused  on 
the  basic  engine  to  investigate  fully  various  factors  such  as:- 

a)  compression  ratio;  the  compression  ratio  has  a significant  effect 
on  the  fuel  consumption  especially  at  low  powers,  the  condition  at 
which  the  majority  of  engines  operate  during  normal  vehicle  oper- 
ation. 


b)  bore/stroke  ratio;  Ricardo  are  at  present  investigating  this  using 
the  Ricardo  Hydra  single  cylinder  engine,  covering  a range  of  bore 
stroke  ratio  from  0.84  to  1.3. 

c)  friction  losses;  it  is  known  that  a wide  range  of  values  can  be  ob- 
tained from  current  automotive  gasoline  engines.  Investigation  is 
required  to  find  out  the  reason  for  the  differences  such  as  piston 
ring  pack  design,  bore/stroke  ratio,  number  of  bearings,  etc. 

d)  combustion  chamber  design;  this  is  an  area  where  further  work 
is  required  to  quantify  the  possible  advantages,  e.g.  the  4 valve 
cylinder  head.  These  could  include; 
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improved  fuel  consumption  due  to  reduced  heat  transfer  to  the  cylin- 
der head ; 

lower  HC  emissions  due  to  the  reduced  surface/volume  ratio  and  a 
larger  portion  of  the  chamber  not  directly  in  contact  with  the  cool- 
ant with  bore/stroke  ratios  of  less  than  1 ; 

a small  reduction  in  pumping  losses  due  to  the  improved  valve  area/ 
time  diagram; 

reduced  CO  and  NOj^  emissions  as  a result  of  an  extended  lean  mix- 
ture misfire  limit. 

All  of  these  factors  interact  and  require  a detailed  investigation,  which  is 
not  considered  in  the  J.P.L.  report. 

The  use  of  separate  reducing  and  oxidising  catalysts  to  achieve  the 
low  NOjj  emission  levels  is  generally  not  favoured,  for  reasons  of  poor 
fuel  economy  and  catalyst  durability  and  most  catalyst  manufacturers  have 
concentrated  their  effort  on  the  3 way  catalyst.  At  present  this  system 
has  not  proved  its  ability  to  maintain  0.4  g/mile  NO^  emission  for  pro- 
longed periods,  but  extensive  development  of  both  the  catalyst  and  the 
oxygen  sensor  is  being  conducted  by  several  companies.  The  problems 
with  catalyst  poisoning  are  misleading  as  reported  by  J.P.L.  Sulphur 
only  has  a deleterious  effect  on  non-noblo  metal  reducing  catalysts.  Al- 
though phosphorus  is  not  a fuel  refinery  problem,  significant  amounts  can 
reach  the  catalyst  from  the  lubricating  oil.  S.A.E.  750447  concludes  that 
phosphorus  originating  from  ZDDP  or  from  a combination  of  ZDDP  and 
ashless  anti-oxidant  is  mildly  toxic.  However  phosphorus  originating 
from  an  ashless  anti-oxidant  can  de-activate  a platinum  oxidising  cata- 
lyst in  the  absence  of  calcium  or  zinc. 

The  J.P.L.  statement  that  the  1975  model  year  vehicles  have  a sup- 
erior fuel  consumption  in  relation  to  previous  years  emission  controlled 
models  is  true,  but  the  1975  model  year  vehicles  fuel  consumption  is 
still  inferior  when  compared  with  an  optimised  non-emission  controlled 
engine. 

The  comments  regarding  an  improvement  in  fuel  consumption  when 
using  EGR  is  also  considered  confusing  as  Ricardo  experience  would  not 
support  this  claim. 

The  J.P.L.  advanced  configuration  of  a twin  rotor  10,000  rpm  cer- 
amic Rotary  engine  is  considered  to  be  unrealistic.  Although  the  com- 
pact nature  of  the  design  allows  a claimed  55%  reduction  in  weight  this 
is  not  sufficient  to  offset  the  many  problems  with  the  engine.  The  effic- 
iency of  the  rotary  engine  would  have  to  be  considerably  improved  com- 
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pared  with  current  designs  to  compete  with  the  Ricardo  envisaged  'mature' 
engine.  The  tip  seal  performance  and  durability  have  been  a problem  and 
J.P.L.  admit  that  adaption  of  ceramic  technology  will  require  a major  re- 
search and  development  effort,  possibly  as  a spin-off  from  that  applied  to 
the  Brayton  cycle  units.  Ricardo  consider  this  extremely  optimistic  as  is 
the  use  of  the  ceramics  for  both  the  rotor  and  housing.  If  ceramic  coated 
housings  are  used  differential  expansion  problems,  will  occur.  Alternatively 
if  an  uncooled  all  ceramic  housing  is  used  there  are  doubts  regarding  its 
mechanical  strength.  Lubrication  between  ceramic  seals  and  housings  will 
present  problems  due  to  the  high  temperatures.  The  temperatures  likely 
to  be  experienced  within  the  ceramic  combustion  chamber  are  estimated  by 
Ricardo's  to  be  between  700  and  1000  C . This  could  create  problems  which 
may  be  insurmountable  with,  pre-mixed  charge  engines  due  to  pre-ignition 
or  detonation.  Ricardo  tests  on  metallic  rotary  engines  have  shown  that 
pre-ignition  commenced  when  the  spark  plug  electrode  temperature  reached 
850°C . 

The  future  of  the  Otto  cycle  engine  is  played  down  but  the  proposed 
mature  and  advanced  configurations  do  not  indicate  a full  awareness  of  the 
engine  developments  at  present  being  considered  for  the  reciprocating  eng- 
ine or  the  inherent  problems  of  the  rotary  engine.  The  use  of  ceramics 
is  considered  by  J.P.L.  to  be  the  panacea  for  the  current  rotary  engine 
problems  with  very  little  factual  support  for  the  optimism. 

3.4  Chapter  4 - The- Lean-Burning  Otto  Engine,  Stratified  Charge 

Otto  Engine  and  the  Diesel  Engine 

The  lean  burning  engine  is  only  briefly  considered,  and  most  of  the 
examples  given  could  well  have  been  included  in  the  comparison  of  induc- 
tion systems  in  Chapter  3,  table  3-1.  No  mention  is  made  of  the  Chrysler, 
Ethyl  or  Yamaha  lean  burn  systems  in  this  chapter.  The  present  Ricardo 
opinion  of  the  lean  burn  engine  is  that  it  does  not  show  any  significant  ad- 
vantage except  lower  NOjj  levels.  At  air/fuel  ratios  leaner  than  17:1  the 
thermal  efficiency  (and  therefore  fuel  economy)  is  worsening  rapidly  and 
unless  air/fuel  ratios  of  19-20:1  are  considered  the  reductions  in  NOj^  are 
insufficient.  In  addition  driveability  problems  are  likely  to  occur  in  prac- 
tice as  the  engine  will  be  more  sensitive  to  deterioration  of  the  ignition 
or  mixture  preparation  system  than  the  conventional  engine. 

Hydrogen  augmentation  to  extend  the  lean  misfire  limit  is  reported 
in  some  detail,  but  only  the  J.P.L.  work,  with  no  details  given  of  the 
Siemens  or  I.M.C.  (international  Materials  Corporation)  systems. 

The  stratified  charge  engine  has  been  typified  by  the  Ford  Proco,  as 
representing  the  best  current  example  a decision  with  which  Ricardo  would 
agree,  as  stated  in  their  Survey  of  such  engines  on  behalf  of  the  U.S. 
Federal  E. P.A.  As  a result  of  this  Survey,  Ricardo  would  however  con- 
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sider  the  CVCC  system  a close  second.  As  a significant  advantage  of  the 
continuous  combustion  engines  quoted  by  J.P.L.  is  their  ability  to  accept 
wide  cut  fuels,  their  review  of  stratified  charge  engines  should  have  taken 
more  account  of  the  Texaco  TCCS  and  MAN-FM  systems  which  have,  unlike 
Proco,  a multi-fuel  capability.  The  mature  configuration  of  stratified  charge 
assumes  no  development  in  the  next  10  years  as  the  specification  given  is 
of  current  technology  (this  being  due  to  the  choice  of  system).  The  claim 
in  the  J.P.L.  report  that  the  fuel  economy  of  the  S.C.  engine  can  never 
exceed  that  of  the  Ford  Proco  system  is  based  on  the  Blum  berg  prediction, 
with  which  Ricardo  do  not  agree.  Blumberg  incorporated  certain  restric- 
tive assumptions  within  his  model,  which  whilst  applying  to  the  Ford  Proco 
process  do  not  necessarily  apply  to  S.C.  engines  in  general.  By  using  the 
same  degree  of  thermodynamic  calculations  that  are  applied  to  the  Brayton 
cycle  engines  an  improvement  of  lO-20°/o  in  fuel  consumption  of  the  S.C. 
engine  can  be  shown. 

The  suggestion  of  the  use  of  a 3 way  catalyst  on  a stratified  charge 
engine  reveals  a lack  of  understanding  of  the  stratified  charge  process. 

The  exhaust  from  the  S.C.  engine  does  not  contain  a constant  level  of  0^^ 
a requirement  for  the  efficient  operation  of  the  3 way  catalyst.  Attempts 
to  achieve  a constant  level  of  O2  result  in  restricting  the  mixture  strength 
range  over  which  the  engine  can  operate,  therefore  losing  the  potential 
advantage  of  the  S.C.  engine. 

The  choice  of  the  ceramic  rotary  engine  for  the  advanced  configura- 
tion is  considered  unproven,  the  Ricardo  comments  being  similar  to  those 
on  Chapter  3 relating  to  U.C.  Otto  engines,  and  based  on  Ricardo’s  de- 
tailed study  of  the  only  direct  injection  S.C.  rotary  engine,  the  Curtiss- 
Wright,  in  their  E.P.A.  Survey.  The  Ford  Proco  combustion  process  can- 
not be  applied  to  a rotary  engine,  due  to  the  modulation  of  the  fuel  injec- 
tion timing  required.  The  only  type  of  system  that  could  be  used  is  one 
in.  which  the  injection  is  always  close  to  T.D.C.,  such  as  the  Texaco  or 
Curtiss-Wright  systems. 

, The  diesel  "mature  engine"  configuration  assumes  no  developments  in 
the  next  ten  years  as  with  the  exceptidn  of  the  turbocharger  the  suggestion/" 
is  typical  of  current  practice.  Development  of  combustion  systems  and 
advanced  fuel  injection  systems  have  not  been  considered,  neither  has  the 
structures  approach  to  reduce  engine  weight  and  noise.  The  combination 
of  fuel  injection  and  air  swirl  characteristics  of  the  indirect  or  divided 
chamber  systems  offers  .the  best  compromise  that  can  be  achieved,  with 
current  technology,  between  thermal  efficiency,  wide  speed  range  per- 
formance, gaseous  emissions,  noise,  etc.  However,  on  the  basis  of 
experience  with  larger  truck  size  diesel  engines,  the  best  compromise 
between  fuel  economy  and  gaseous  emissions  lies  in  the  more  quiescent 
form  of  open  chamber  where  mixing  is  predominantly  fuel  injection  con- 
trolled. The  application  of  this  approach  to  the  wide  speed  range  light 
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duty  engine  is  inhibited  by  the  limitations  of  current  jerlc  injection  systems, 
and  active  development  is  being  undertaken  at  this  time  in  this  area. 

It  is  predicted  that  an  open  chamber  combustion  system  would  result  in  lO^o' 
reduction  in  current  light  duty  engine  fuel  consumption  over  the  entire  load, 
and  speed  range.  Clearly  there  is  scope  for  further  development  on  these 
lines.  Gaseous  emissions  and  noise  may  well  increase  compared  with  the 
indirect  systems  but  should  also  respond  to  better  control  of  the  combustion 
through  the  medium  of  the  fuel  injection  system.  Table  1 summarises  the 
Ricardo  assessment  of  future  combustion  system  developments. 


Table  1 - Asssessment  of  Combustion  Systems  for  Light  Duty  Diesels 


Attributes 


Indirect  or  divided 

Wide  speed  range 
operation  due  to  high 
mixing  rate  also  re- 
sulting in  low  N Ojj 
emissions  and  noise 
by  retard  of  inj ac- 
tion- 


Swirling  Direct 

Reduced  heat  re- 
jection giving  l0% 
reduction  in  fuel 
cons . , better  cold 
starting . 


Quiescent 

Minimum  heat  re- 
jection. Therefore 
best  economy  and 
starting . 


Limitations 


High  heat  rejection 
due  to  high  gas  velo-, 
cities . Also  poor 
cold  start  ability. 


Moderate  speed 
range,  limited  by 
poor  fuel  injection/ 
air  motion  match- 
ing . Advanced 
timings  give  high 
NQx  and  noise. 


Very  narrow  speed 
range  with  conven- 
tional jerk  pump 
fuel  system . 


Innovations  Reduced  heat  losses 

required  to  give  better  econ- 

omy, starting  and 
reduced  radiator 
size. 


Better  fuel  injec- 
tion/air motion- 
matching over 
speed  range,  scope 
in  both  fuel  injec- 
tion and  swirl  gen- 
eration. 


Fuel  injection  sys- 
tem giving  rapid 
but  controlled  mix- 
ing thus  allowing 
wide  speed  range 
operation  with  re- 
tard of  timing  for 
low  NO^. 


The  use  of  ceramics  again  is  proposed  by  J.P.L. , but  with  very  little 
evidence  of  either  its  successful  application  or  ultimate  advantage-  The 
effect  of  increased  internal  surface  temperatures  on  volumetric  efficiency 
or  lubrication  problems  have  not  been  fully  considered. 

The  suggestion  of  a rotary  configuration  as  a solution  to  the  likely 
practical  problems  of  ceramic  cylinder  heads  fitted  with  poppet  valves  ig- 
nores the  more  basic  problem  of  achieving  good  combustion  and  an  adequate 
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compression  ratio,  at  least  in  Vankel  type  engines,  without  having  to  resort 
to  two  stage  compression  and  expansion.  The  compression  ratio  of  15  :l  for 
the  advanced  configuration  engine  is  considered  too  low  for  satisfactory  start- 
ing even  with  the  use  of  ceramics  to  reduce  heat  losses. 

The  conclusion  that  the  widespread  introduction  of  the  diesel  or  the  strat- 
ified charge  engines  could  delay  the  introduction  of  the  Brayton  or  Stirling  Eng- 
ines is  based  on  the  optimistic  production  date  for  these  engines  and  their 
rapid  widespread  acceptance.  Both  of  these  factors  are  assumptions  and 
therefore  the  stratified  charge  and  diesel  engine  should  not  be  abandoned 
until  the  Brayton  and  Stirling  engines  indicate  their  ability  to  achieve  the 
J.P.L.  target  dates.  The  J.P.L.  report  does  admit  that  the  diesel  engine 
should  be  adopted  for  specialised  applications  such  as  taxicabs.  Ricardo 
completely  agree  with  this  point  as  the  high  mileage  market  is  the  area  in 
which  the  greatest  benefits  from  dieselization  will  be  obtained,  and  quanti- 
fied them  in  a paper  to  the  Institution  of  Mechanical  Engineers,  entitled 
'The  High  Speed  Diesel  Engine. for  Passenger  Cars'.  It  is  interesting  to 
compare  the  correlation  of  the  J.P.L.  and  Ricardo  estimates  for  the  future 
gasoline,  diesel  and  stratified  charge  engines,  shown  in  the  following  tab- 
les. 

Table  2 

Compact  vehicle,  3 speed  auto,  transmission 


CVS  fuel  economy 


J.P. 

L.  mature 

engine 

Ricardo 

Engine 

Power 

Test 

Fuel 

Power 

Test 

Fuel 

HP 

Weight 

Economy 

HP 

Weight 

Economy 

lb 

mm '■ 

lb 

mpg 

Gasoline 

125 

3100 

17.4-18.3 

128 

3500 

16-17.4 

Stratified  Charge 

(Proco) 

127 

3150 

20.0 

1 

128 

3500 

18.7 

Diesel* 

131 

3340 

20.7  (23) 

128 

3500 

19.6  (22) 

*J.P.L.  - 

turbocharged. 

Ricardo  - naturally  aspirated. 

The  diesel  engine  in  the ’J.P.L.  report  was  turbocharged  while  the  Ricardo 
engine  was  naturally  aspirated.  The  diesel  fuel  economy  is  quoted  in  the 
equivalent  for  gasoline  fuel,  and  the  true  mpg  is  given  in  brackets. 
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J.P.L.  (50,000  miles) 

R & Co.  (low  mileage) 

Engine 

HC/CO/NOjj  g/mile 

HC/CO/NOx  g/mile 

Gasoline 

0.34/2.8/1.5  (catalyst  + EQR) 

0.2/1. 0/1.3  (catalyst  + EGR) 

Stratified  Charge 

0.29/1.1/1.0  (catalyst  + EGR) 

0. 15/1.0/1.4' (catalyst  + EGR) 

Diesel 

0.32/1.3/1.1 

0.46/1.0/1.3 

Table  4 

Engine  Weight  (excluding  cooling  system) 


Gasoline 

J.P.L. 

(150  BHP) 

Weight  lb 
591 

Stratified  Charge- 

620 

Diesel 

720 

Table  5 

Engine  Cost  Comparison  (actual 

Gasoline 

J.P.L. 

$ 

0 

Stratified  Charge 

+80 

Diesel 

+200 

R & Co» 
(128  BHP) 

Weight  lb 

540 

580 

700 

values  not  stated  in  J.P.L. ) 

R & Co. 


« $ 

595  0 

700  (avg)  . +105 

701  +106 


The  additional  cost  of  the  J.P.L.  diesel  is  due  to  turbocharging  and  the  in- 
clusion of  a wastegate. 
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3.5  Chapter  5 - The  Brayton  Power  System , Gas  Turbine  Engine 

The  mature  configuration  proposed  is  a metallic  turbine  with  a^ceramic 
regenerator,  a system  already  tried  in  truck  engines  and,  with  metallic  re- 
generators, by  Chrysler  in  passenger  cars  and  therefore  fairly  well  under- 
stood. The  advanced  configuration  employs  ceramics  in  the  power  and  gasi- 
fier turbines  and  combustor  as  well  as  the  regenerator  and  this  may  well 
not  be  achieved  within  the  time  scale.  Because  of  the  current  Imowledge  of 
metallic  turbines  and  intensive  development  of  ceramic  regenerators  the  in- 
troduction of  the  mature  gas  turbine  by  1985  is  considered  feasible,  but 
Ricardo  optimism  does  not  extend  to  the  advanced  gas  turbine  in  the  same 
year. 


Much  of  the  reported  data  is  based  on  an  AiResearch  study  which  in- 
cluded a single  shaft  engine  using  a CVT  (continuously  variable  transmis- 
sion) with  modest  efficiencies.  The  maximum  required  power  output  is  low 
because  of  the  torque  characteristic  of  the  engine  but  whether  the  efficien- 
cies predicted  for  low  power  engines  can  be  achieved  is  doubted.  The  fuel 
consumption  values  given  in  J.P.L.  table  5-9  (below)  are  considered  to  be 
up  to  10?S  optimistic  for  the  mature  mini  and  small  vehicles  and  15'?o  opti- 
mistic for  the  advanced  compact  vehicles.  The  reason  for  this  is  that  in 
the  case  of  the  low  power  engines,  component  efficiencies  are  based  on 
those  of  100  hp  units  and  it  is  known  that  as  the  component  size  is  re- 
duced SO- is  the  efficiency;  J.P.L.  have  only  allowed  for  changes  in  com- 
pressor^ efficiency.  For  the  advanced  turbine  the  higher  inlet  temperature 
of  2500  F as  opposed  to  1900  F will  result  in  a significant  increase  in 
specific  output  and  the  component  sizes  will  be  further  reduced  for  a given 
power  requirement.  _It_is  also  unlikely  that  the  accuracy  of  the  ceramic 
component  shapes  will  be  as  good  as  the  metallic  type,  resulting  in  fur- 
ther efficiency  losses.  Therefore  the  expected  increase  in  compressor  and 
gasifier  turbine  efficiencies  are  unlikely  to  improve  relative  to  the  mature 
engine  and  the  values  will  probably  be  inferior.  The  mature  engine  com- 
ponent efficiencies  are  based  on  prototype  units  and  it  is  unlikely  that  these 
values  can  be  maintained  when  the  components  are  mass  produced. 


J.P.L.  Table 

5-9  - 

SS  Brayton  vehicle 

fuel  economy  projections  in 

mpq  (gasoline) 

Mature 

Advanced 

.configuration 

configuration 

Design 

Driving  cycle 

OEE  auto. 

Curb  weight  maximum 

class 

lb 

power,  hp 

FDC-U 

FDC-U 

FDC-U  PDC-li 

Mini 

1500 

36 

32.2 

48.7 

Small 

1880 

49 

28.9 

42.7 

Subcompact 

2270 

66 

25.5 

37.3 

Compact 

2660 

86 

22.9 

33.4 

32  46 

Full-Size 

3400 

118 

18.9 

27.8 
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Fuel  consumptions  based  on  steady  state  results  are  over  optimistic  as  some 
of  the  latest  published  results  show.  This  is  because  the  continuous  com- 
bustor can  be  optimised  for  steady  state  operation,  but  to  achieve  transient 
conditions  a significant  degree  of  enrichment  is  required.  This  causes  ex- 
cess HC  levels  and  a poor  fuel  consumption.  The  increase  in  combustion 
temperature  resulting  from  the  enrichment  raises  the  levels  and  any 

attempt  to  reduce  this  affect  .results  in  an  undriveable  vehicle. 

Although  a high  efficiency,  low  emission,  continuous  combustor  is 
able  to  accept  wide-boiling  range  fuels,  the  fuel  must  still  be  within  cer- 
tain volatility  and  density  limits.  Any  fuel  outside  these  limits  would 
effect  the  emission  levels  and  fuel  economy  as  well  as  the  reliability  of 
the  total  system , as  components  such  as  the  regenerators  are  prone  to 
chemical  attack. 

The  single  shaft  gas  turbine  predictions  assume  the  use  of  a CVT 
whereas  the  free  turbine  is  coupled  to  a t'^rque  converter  and  convention- 
al automatic  transmission.  -Ricardo  consider  that  the  torque  converter  is 
unnecessary  with  a free  turbine  and  the  removal  of  this  would  increase 
overall  efficiency  and  reduce  the  brake  efficiency  advantage  of  the  single 
shaft  type. 

3.6  Chapter  6 - The  Stirling  Automotive  Power  System 

The  weight/hp  of  the  mature  Stirling  is  claimed  to  be  comparable 
with  that  of  the  mature  U.C.  Otto  power  plant,  the  J.P.L.  figures  being  - 
deduced  as  4.66  Ib/hp  and  4.3  Ib/hp  respectively.  As  shown  previously 
in  this  note  Ricardo  agree  with  the  weight  of  the  mature  Otto  engine  pro- 
vided that  the  V8  configuration  is  retained-  The  mature  Stirling  engine 
weight  however  shows  significant  reduction  compared  with  the  present 
designs,  again  (it  is  thought)  somewhat  optimistically. 

The  problem  of  sealing  is  vital  and  neither  the  rollsock  or  multiple 
gland  solution  appear  to  be  the  complete  answer.  As  the  result  of  a 
rollsock  seal  failure  is  potentially  catastrophic  the  J.P.L.  statement  that 
the  seals  must  have  a "graceful"  failure  mode  seems  to  be  an  under- 
statement. The  durability  of  the  current  seals  has  been  shown  on  rig 
tests,  but  has  not  been  confirmed  in  vehicle  road  tests  with  components 
manufactured  under  mass  production  conditions. 

Another  area  of  vital  importance  is  the  heater  head;  difficulties 
with  porosity  of  metallic  heater  heads  have  been  reported.  The  use  of 
ceramics  for  this  component  should  be  treated  with  extreme  caution,  be- 
cause most  candidate  ceramics  are  porous  and  their  tensile  strength  is 
doubtful  at  conditions  such  as  200  atmos.  pressure  at  2000  F tempera- 
ture. 
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The  combustor  is  required  to  operate  at  atmospheric  pressure  and  al- 
though variable  geometry  is  quoted  as  being  required  for  low  Ricardo 

consider  it  will  also  be  necessary  for  control  of  combustion,  over  the  very 
wide  range  up  to  the  exceptionally  high  intensity  required  at  full  power. 
Similar  comments  to  those  made  for  gas  turbine  apply  to  Stirling  engine 
combustor.  The  fuel  acceptance  is  restricted  within  certain  limits  if  the 
low  emission  levels  are  to  be  achieved.  All  the  currently  quoted  fuel  con- 
sumption figures  are  based  on  steady  state  tests  and  the  excess  richness 
required  under  accelerating  conditions  will  have  a detrimental  effect  on 
both  emissions  and  fuel  consumption. 

The  power  output  control  of  the  Stirling  engine  is  also  very  difficult 
as  the  various  methods  of  altering  the  working  fluid  pressure,  directly 
and  indirectly,  while  admirable  at  steady  states,  would  have  significant 
response  time  problems  during  cycled  operation.  The  parasitic  losses 
of  the  compressor  required  for  pressure  modulation  would  need  to  be 
considered  during  the  prediction  of  cycled  results.  The  alternative  met- 
hod of  altering  the  swash  plate  angle  is  favoured,  but  the  difficulties  in 
doing  this  have  not  been  fully  considered.  This  section  is  generally  con- 
sidered to  be  far  too  optimistic. 

3.7  Chapter  7 - The  Rankine  Automotive  Power  System 

Ricardo  agree  with  the  J.P.L.  findings  regarding  this  type  of  power 
unit,  as  in  its  mature  configuration  it  offers  no  advantage  over  the  macure 
U.C.  Otto  engine  in  fuel  consumption  although  emissions  are  improved. 

In  its  advanced  configuration  fuel  consumption  is  only  improved  due  to 
extreme  optimism  over  the  operating  temperatures  requiring  the  extensive 
use  of  ceramics  in  both  the  vapour  generator  and  expander. 

3.8  Chapter  8 - Electric  Vehicles 

This  is  a reasonable  review  of  electric  vehicles,  and  Ricardo  agree 
with  the  conclusions.  It  is  considered  that  the  electric  vehicle  will  make 
some  further  penetration,  beyond  milk  floats  and  invalid  vehicles,  for 
urban  use.  The  great  defect  of  batteries,  frequently  not  underlined  by 
those  writing  on  the  subject,  is  the  low  specific  power  level  (i.e.  W/lb) 
both  when  discharging  and  charging,  and  the  poor  efficiency  and  life  if  the 
specific  power  is  forced  up. 

The  attempt  in  Chapter  8 to  bracket  the  flywheel  with  the  battery  is 
not  realistic,  the  one  thing  the  flywheel  does  not  suffer  from  is  low  speci- 
fic power.  Its  specific  energy  however  may  not  be  as  great  as  a lead 
acid  battery  and  therefore  a pure  flywheel  vehicle  suffers  from  short  • 
range. 


4-18 


77-40 


RICARDO  CONSULTING  ENGINEERS 


D.P.  20583 


14  - 


3*9  Chapter  9 - Hybrid  Vehicles 

This  seems  to  be  an  uncritical  literature  review.  Ricardo  do  not  dis- 
agree in  general  with  the  assessment  of  the  electric  hybrid  vehicle,  but  the 
view  of  the  flywheel  hybrid  is  dominated  by  the  Lockheed/E.P. A.  study. 
Ricardo  consider  that  the  Lockheed  conclusions  were  pessimistic  for  the 
following  reasons 

1.  The  use  of  a hydrostatic  transmission  gave  low  efficiencies  at 
light  loads  where  the  vehicle  spends  much  of  its  time,  in  spite 
of  a split  power  type  box'. 

2.  The  use  of  a rather  large  flywheel  resulted  in  relatively  high 
parasitic  losses. 

3.  The  use  of  the  engine  in  a continuous  mode  instead  of  an  inter- 
mittent mode,  made  it  impossible  to  run  the  engine  at  best 
specific  economy  at  all  times. 

Even  so  it  is  difficult  to  make  a case  for  the  flywheel  hybrid  on  fuel  econ- 
omy or  emissions  alone. 

3.10  Chapter  10  - Vehicle  Systems 


This  chapter  contains  some  useful  figures  concerning  weight  reduction 
but  does  not  take  the  question  of  transmissions  very  far,  apart  from  point- 
ing out  that  a manual  change  gearbox  is  more  efficient  than  current  auto- 
matic boxes  and  that  an  overdrive  ratio  is  helpful,  especially  on  a 3-speed 
box. 


The  use  of  the  CVT  on  the  U.C.  Otto  engined  vehicle  is  important  as 
the  improvements  in  fuel  consumption  being  claimed  in  J.P.L.  Table  10-10 
are  significant  compared  with  the  9,%  improvement  claimed  for  mature 
Otto  engine  alone.  This  line  of  development  appears  more  worthwhile 
than  that  of  the  ceramic  advanced  configuration  rotary  engine*. 

Ricardo  agree  that  large  overall  improvements  in  vehicle  fuel  consump 
tion  could  be  obtained  from  the  use  of  superior  transmissions.  The  normal 
vehicle  road  load  power  requirement  curve  indicates  that  the  engine  is  oper 
ating  at  high  specific  fuel  consumptions  for  the  majority  of  the  time.  In- 
creasing the  overall  gear  ratio  can  shift  the  road  load  curve  towards  lower 
fuel  consumption  conditions  but  the  high  gear  ratios  can  only  be  used  at 
steady  cruising  conditions : therefore  a continuously  variable  transmission 

is  required  to  provide  adequate  acceleration  with  optimum  cruising  consump 
tion. 
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These  comments  also  apply  to  the  stratified  charge  and  diesel  engines 
as  the  relationship  between  the  fuel  consumption  map  and  the  road  load 
curve  is  similar. 

The  optimistic  fuel  consumptions  for  the  single  shaft  Brayton  cycle 
engine  relied  on  the  use  of  a CVT,  so  the  development  of  the  two  items 
are  inter-related.  Therefore  the  CVT  could  equally  well  be  applied  to 
other  engine  configurations  and,  provided  a reasonable  degree  of  optimism 
is  applied,  the  fuel  consumption  advantage  of  the  Brayton  cycle  engines 
could  be  considerably  reduced. 

J.P.L.  Table  10-10  - Composite  fuel  consumption  reductions  from 

vehicle  improvements  ('jo) 


Source  of  reduction 

Vehicle 

class 

Sm  all 

Subcompact 

Compact 

Large 

1.  "Intermediate"  weight  reduction 

6 

10 

15 

18 

2.  4-speed  automatic  transmission 
with  lockup 

3 

6 

7 

8 

3.  Reduced  acceleration* 

2 

2 

5 

10 

4.  Lower  aerodynamic  drag 

3 

3 

3 

2 

5.  Improved  accessories  and  drive 

1 

1 

2 

3 

Overall  effective  of  intermed- 
iate improvements 

14 

20 

29 

35 

6.  Longer-term  weight  reduction 
(replaces  item  l) 

12 

21 

23 

25 

7 . Continuously  variable  trans- 
mission (CVT)  (replaces  item  2) 

10 

13 

14 

15 

Overall  effect  of  long-term 
improvem  ents 

26 

35 

40 

45 

* 

Assumes  an  increase  in  0.60-mph  acceleration  time  ranging  from  1 second  for 
the  Small  car  class,  to  3 seconds  for  the  Large  car  class. 

3.11  Chapter  12  - Alternate  Heat  Engine  Research  and  Development 

The  assessment  of  the  Stirling  Engine  is  considered  even  more  over  op- 
timistic than  that  of  the  Brayton  cycle.  The  suggested  date  for  start  of  pro- 
duction of  mature  Stirling  engines  given  in  J.P.L.  table  12-5,  is  1983.  Cur- 
rently the  Stirling  engines  have  barely  reached  the  prototype  stage  for  present 
engines.  This  date  of  1983  appears  quite  unrealistic  in  comparison  with  the 
figure  of  1985  for  the  start  of  mature  gas  turbine  production  as  this  techno- 
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logy  already  exists  and,  Ricardo  agree,  could  be  in  production  by  then. 
Additionally  the  development  costs  are  felt  to  be  under  estimated,  by  a 
factor  of  the  order  of  10- 

J-P.L.  Table  12-5  - Estimated  time  and  costs  comparisons  for  proto- 
type alternative  heat  engine  development 


Alternate  engine, . 

Year  prototype 

development 

complete 

Maximum  (minimum) 
effective  expenditure 
rate,  $ million/year 

Total  direct  cost 
to  develop, 

$ million 

Mature  Stirling 

1983 

16 

(9) 

130 

Mature  gas  turbine* 

1985 

14 

(6) 

95 

Advanced  gas  turbine 

1985 

14 

(5) 

130 

Mature  rankine 

1990 

15 

(3) 

260 

*With  ceramic  regenerator 


3.12  Chapter  17  - Energy  and  Fuels 

The  multi-fuel  capability  of  the  Brayton  and  Stirling  cycle  engines  has 
been  one  reason  for  considering  them  so  optimistically  for  the  future.  By 
predictions  of  the  various  scenarios  it  has  been  shown  that  the  U.S.A.  could 
become  independent  of  imported  oil  supplies.  The  assessment  of  future 
power  plants  appears  to  have  been  biased  towards  achieving  this  aim  as  the 
predictions  assume  extensive  market  penetration  by  these  alternate  engines. 
The  conclusion  that  refinery  costs  and  process  energy  consumption  could  be 
reduced  if  more  diesel  fuel  were  to  be  produced  is  accepted.  However  no 
account  was  taken  of  this  when  considering  the  stratified  charge  engines, 
some  variants  of  which,  not  discussed  in  this  report,  will  operate  satis- 
factorily on  diesel  fuel.  In  addition  the  more  extensive  use  of  diesel  eng- 
ines would  also  be  encouraged,  a factor  which  would  provide  a considerable 
energy  saving,  as  this  is  possible  almost  immediately,  whilst  the  optimistic 
introduction  dates  for  Stirling  and  Brayton  cycle  engines  must  be  conjectural, 
particularly  for  the  former. 


DC/BEW 
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JET  PROPULSION  LABORATORY  California  Instiluie  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE;  34LPE-77-226-5 
June  29,  1977 


Dr.  Richard  L.  Strombotne 
Department  of  Transportation 
400  7th  Street,  SW 
Washington,  DC  20590 

Dear  Dr.  Strombotne; 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

In  your  capacity  as  Chairman,  Automotive  Design  Panel  (ADP)  of  The  Federal 
Interagency  Task  Force  on  Motor  Vehicle  Goals  Beyond  1980,  you  accumulated 
on  behalf  of  yourself  and  Dr.  Alan  Grobecker  various  comments  on  the 
pertinence  of  the  subject  report  to  the  Task  Force  on  Motor  Vehicle  Goals 
(MVG)  Study.  Included  in  the  material  we  received  are  comments  by  Messrs. 
Robert  A.  Husted,  Robert  Nutter,  Carmen  Difiglio,  and  W.  D.  Eberle.  JPL 
wishes  to  thank  you  and  the  members  of  the  MVG  study  team  for  your  interest 
in  the  JPL  report  as  evidenced  by  these  commentaries. 

The  detailed  technical  comments  of  Mr.  Robert  A.  Husted  have  been  responded 
to  by  JPL  on  a polnt-by-point  basis  in  our  letter  dated  November  5,  1975 
signed  by  R.  Rhoads  Stephenson.  This  letter  will  be  included  in  a Compendium 
of  Critiques  to  be  published.  The  critique  response  plan  and  a description 
of  our  restructured  automotive  studies  are  presented  in  the  enclosure. 

Regarding  the  brief  observations  by  Mr.  Robert  Nutter,  we  are  in  basic 
agreement.  While  JPL  would  disagree  that  its  study  was  one-dimensional, 
it  is  true  that  our  attention  centered  on  technical  issues  whereas  the  MVG 
study  embraced  a broader  scope.  Mr.  Nutter's  letter  simply  pointed  this 
out  without  specific  detailed  comments  since  the  MVG  study  was  not  completed 
at  the  time  of  the  letter. 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  ♦ 1800  Oak  Grove  Drive,  Pasadena,  California  9110} 


Dr,  Richard  L.  Strombotne  -2- 


June  29,  1977 


The  comments  of  Mr.  Carmen  Difiglio  pertain  to  the  difference  between  the 
MVG  Marketing  and  Mobility  Panel's  approach  to  automotive  use  and  JPL's 
Chapter  14,  We  agree  that  the  MVG  study  approach  is  more  elegant;  however, 
it  is  not  clear  that  there  is  any  significant  real-world  differences  in  the 
results  of  the  two  techniques.  When  the  MVG  integrated  behavioral  model 
becomes  available,  JPL  would  be  pleased  to  employ  it  in  future  work,  if  it 
can  be  expected  to  show  improvements  of  practical  importance.  As  a final 
observation,  it  is  correct  that  JPL  did  not  consider  in  detail  all  possible 
exogenous  policy  variables  of  a non-propulsion  origin.  To  the  extent  that 
non-propulsion  system  changes  affect  automobile  usage,  the  effect  of  these 
variables-  could  probably  be  retained  with  improved  engines . 

We  greatly  appreciate  the  consideration  given  the  subject  report  by  the  MVG 
Task  Force  and  for  your  Interest  in  our  work. 


Harry  E.  Co trill.  Project  Manager 
Automotive  Tefhnology  Status  and 
Proj  actions 


HEC : tm 
Enclosure 
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department  of  transportation 


aitomotive  energy  efficiency  j^oject 

iU  October  9,  1975 

/ INTERNAL  MEMO 


SUBJECT:  Comments  on  JPL  Report  from  Automotive 

Design  Panel  ' 


FROM; 


Distribution 

Chairman,  Automotive  Design  Panel 


Attached  is  R,  Husted's  summary  of  comments  on 
the  JPL  report  on  automobile  pov/er  systems 
which  he  has  discussed' with  several  members  of 
the  Automotive  Design  Panel  and  which  he  considers 
a fair  representation  of  their  views.  Separate 
members  may  take  exception  to  part  or  all  of 
his  comments. 


Richard  L.  Strombotne 
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UNITED  STATES  GOVERNMENT 

Memorandum 


susjEa.  Comments  on  JPL  Report 

"Should  We  Have  a New  Engine?" 

F*oM  . Robert  A.  Hus  ted 


DEPARTMENT  OF  TRANSPORTATION 

OFFICE  OF  THE  SECHETARY 


OCT  8 1975 

In  riply 
f*f«r  toi 


TO  . Richard  L.  Strombotne 


I have  discussed  the  following  comments  with  members  of  the  Automotive 
Design  Panel  from  other  agencies  and  believe  they  are  a fair  represen- 
tation of  their  opinions,  exclusive  of  JPL.  Individual  members  may 
take  exception  to  any  of  these  comments,  of  course. 

The  ADP  considers  the  report  to  be  an  excellent  and  well  written  one 
in  documenting  the  present  understanding  and  status  of  automobile 
power  plant  development  and  manufacturing  technology.  It  will  be 
an  excellent  reference  on  these  subjects  for  some  time. 

The  ADP  generally  agrees  with  the  report's  conclusions  regarding  the 
projected  potential  for  fuel  economy  improvement  of  vehicle-related 
design  changes  and  Otto  engine. improvements.  It  also  agrees  with 
JPL's  findings  concerning  electric  vehicles.  The  panel  does  not 
agree  with  the  assessment  of  the  potential  for  fuel  economy  of  the 
alternative  engine  options  considered  for  mass  production  in  the 
mid-eighties.  The  report  seems  to  underestimate  the  potential  fuel 
economy  of  the  Diesel  engine  and  overestimate  that  of  the  Stirling 
and  Brayton  engines.  The  ADP  supports  the  need  for  more  R&D  on  these 
alternative  engines. 

Comments  on  the  major  findings  expres'sed  in  the  JPL  report  summary 
(pages  9 through  11  of  Vol.  1)  are  given  below.  Each  finding  is 
quoted  with  the  ADP's  comments  following.  These  comments  have  been 
discussed  by  telephone  with  JPL,  TSC,  EPA,  and  ERDA  panel  members. 

"(1)  Comparatively  simple  vehicle  design  changes— primarily  weight- 
saving, essentially  independent  of  engine  type  and  functionally 
acceptable  to  the  buyei — can  reduce  the  conventional  automobile's 
fuel  consumption  by  14  to  35%  of  present  usage.  Such  changes 
can  be  incrementally  introduced  and  all  be  in  production  by  1981. 
Other  modifications,  requiring  some  additional  development,  can 
further  reduce  fuel  usage.  All  of  the  vehicle  improvements  can 
and  should  be  incorporated  by  1985,  since  their  benefits  would 
largely  be  retained  when  an  alternate  engine  is  introduced. 

A modest  shift  in  market  preference  toward  smaller  cars  would 
also  yield  a short-term  payoff  in  fuel  saving.',' 
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ADP  Comments: 

We  agree.  The  potential  fuel  economy  improvement  and  need  for 
continued  development  of  the  continuously  variable  transmission  (CVT) 
should  be  emphasized.  Note,  however,  that  the  resultant  fuel  economy 
improvement  of  the  CVT  is  not  "essentially  independent  of  engine  type." 
Rather,  the  relative  advantages  of  the  CVT  are  expected  to  depend 
significantly  upon  the  type  of  engine. 

"(2)  Vehicles  powered  by  Brayton  or  Stirling  engines  can  reduce 
national  automotive  fuel  consumption  by  about  one-third  from 
that' of  equivalent  cars  with  conventional  engines  {for  the  same 
usage)  and  with  emissions  below  the  strictest  presently  legis- 
lated standards.  Introduction  of  either  of  these  alternate  engines 
can  be  accomplished  without  significant  adverse  impact  on  the 
nation's  economy.  One  or  both  should  be  introduced  as  soon  as 
these  benefits  can  be  realized  in  economically  mass-producible 
hardware. " 

ADP  Comments: 

We  disagree  with  the  report's  specific  conclusions  concerning  potential 
fuel  economy  improvements  of  alternative  production  engines  in  the  mid- 
eighties ("mature  engines"),  and  agree  or  do  not  challenge  the  potential 
fuel  economy  improvements  of  engines  for  the  early  nineties  ("advanced 
engines").  The  report  indicates  a potential  of  43  percent  fuel  economy 
improvements  for  the  mature  Stirling  over  the  mature  Otto  engine  (30  vs. 

21  mpg  for  the  compact  vehicle— see  table  5,  page  57).  The  report's 
baseline  mature  Otto  projection  is  within  the  range  of  our  projections 
(21  to  22  mpg  for  this  case);  however,  the  ADP  considers  20  percent  to 
be  mors  representative  of  an  optimistic  relative  fuel  economy  difference 
for  Stirling.  Specifically,  the  OEE  mature  Stirling  engine  car  is  pro- 
jected to  have  23  to  27  mpg  potenti al , rather  than  30  mpg  potenti al . 

Most  of  the  discrepancy  is  related  to  the  report's  assertion  that  OEE 
Stirling  engines  may  be  designed  with  nominally  25  percent  less  rated 
net  horsepov/er  than  Otto  engines.  BSFC  engine  map  comparisons  of  a 
comparably-sized  Best-75  Otto  engine  (the  OLD's  350  CID  V-8),  with  the 
projected  Stirling  engine  map  in  the  JPL -study,  do  not  support  this 
assertion.  ADP  majority  opinion,  supported  by  this  map  analysis,  is 
that  the  horsepower  to  weight  ratio  of  OEE  vehicles  must  be  comparable 
for  equal  acceleration  performance  of  Otto  and  Stirling  engine  cars. 

Concerning  alternative  engine  candidates  for  mid-eighties  mass-production, 
the  ADP  opinion  supports  the  position  of  the  ERDA  headquarters  members 
that  a reasonable  assumption  for  the  projected  fuel  economy  is  the  fuel 
economy  expected  for  current  (or  so6n-to-be-demonstrated)  advanced 
development  models.  This  is  because  the  projected  lead-time  to  mass- 
production  (300K  units  per  year)  is  10  years,  starting  from  an  acceptable 
advanced  development  model.  The  major  task  in  that  time  interval  is  to 
make  a given  design  cost  competitive  in  mass-production  v/ith  the  existing 
engines  and  to  develop  and  demonstrate  its  required  durability. 
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The  report  assumes  that  the  energy  efficiency  of  the  Stirling  engine 
can  be  increased  13  percent  over  that  represented  by  an  engine  map 
which  was  measured  in  engine  dynamometer  tests  of  the  engine  soon 
to  be  demonstrated.  The  ERDA  headquarters  members  do  not  consider 
this  improvement  likely  for  the  mature  (1985)  version.  If  the  assumed 
improvement  in  efficiency  cannot  be  obtained,  the  fuel  economy  potential 
advantage  of  the  mature  Stirling  over  the  mature  Otto  engine  would  drop 
from'  about  20  percent  to  about  7 percent. 

To  represent  the  Brayton  engine,  the  current  two  shaft  engine  develop- 
ment program  by  Chrysler  is  deemed  appropriate.  The  current  demonstra- 
tion objectives  for  this  engine  are  not  competitive  with  the  projected 
mature  Otto  engine  potential.  If  ceramic  turbine  technology  is  developed, 
however,  we  agree  with  the  report  that  the  improvement  potential  is  very 
significant  in  the  1990  time  period. 

Further,  the  ERDA  headquarters  members  consider  it  a very  high  risk, 
or  improbable  projection,  for  a competitive,  mass-producible  OEE  single 
shaft  turbine  design  to  be  available  in  the  mid-eighties.  The  variable- 
geometry  transmission,  required  to  provide  the  competitive  fuel  economy 
for  this  engine,  has  not  yet  been  developed. 

'‘(3)  The  present  development  status  of  the  Brayton  and  Stirling  .engines 
does  not,  at  this  time,  permit  a decision  to  begin  mass  production; 
hence  their  introduction  cannot  be  forced  by  an  abrupt  change  in 
emission  standards  or  legislation  of  a fuel  economy  standard  over 
the  next  few  years.  Rather,  a more  aggressive  development  program, 
involving  at  least  a five-fold  increas'd  over  the  present  rate  of 
spending,  must  be  pursued.  Such' a program  requires  a firm  commit- 
ment on  the  part  of  industry,  supported  by  government  funding  or 
incentives.  An  introduction  target  date  of  1985  (earlier,  if 
possible)  should  be  incorporated  in  the  development  schedule." 

ADP  Comments: 

We  agree  with  the  first  sentence,  generally  support  the  second  sentence 
if  the 'development  scope  is  broadened  to  include  all  relevant  alternative 
engine  technology,  and  support  the  tnird  sentence. 

"(4)  While  the  Brayton/Stirling  development  is  proceeding,  about  9% 
reduction  in  fuel  consumption  from  that  of  the  average  1975  con- 
ventional Otto  engine  can  be  obtained,  without  giving  ground  on 
emissions  control,  through  improved  induction  systems  and  exhaust 
converters.  The  combination  of  such  upgraded  Otto  engines  with 
the  improved  vehicles  discussed  in  finding  (1)  constitutes  not 
only  a good  stopgap  automobile  configuration,  but  also  a very 
acceptable  "fallback"  position  if  intractable  difficulties  arise 
in  both  alternate  engine  developments-." 
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This  finding  is  at  the  conservative  end  of  the  range  of  potential 
projected  by  the  ADP.  With  sufficient  development,  ADP  considers 
the  potential  of  5 to  10  percent  reduction  in  fuel  consumption  to 
exist  with  respect  to  representative  Best-1975  Otto  engines.  These 
consume  about  8 percent  less  than  average  1975  engines.  The  ADP 
emphasizes  the  need  for  substantial  continued  development,  particularly 
with  regard  to  catalytic  emission  controls  and  engine  controls. 

“{5)  Intermittent-combustion  alternate  engines— the  Strati fied-Charge 
Otto  and  the  Diesel — do  not  offer  enough  advantage  over  the 
improving  conventional  Otto  engine,  in  vehicles  of  equivalent' 
performance,  to  warrant  their  widespread  introduction  in  general- 
purpose  automobiles.  Also,  conversion  of  the  entire  fleet  to  such 
an  engine  could  further  delay  introduction  of  a Brayton  or  Stirling. 

ADP  Comments; 

We  disagree  that  these  engines  do  not  offer  enough  potential  to  v/arrant 
wider  spread  introduction  in  general  purpose  automobiles.  The  report 
indicates  a fuel  economy  advantage  of  only  10  percent  for  the  mature 
Diesel  over  the  mature  Otto.  The  ADP  supports  the  recent  Volkswagen 
projections  for  a mature  Diesel,  which,  we  believe,  represents  a 
potential  of  15  percent  improvement  over  the  mature  Otto  engine  car 
(in  gasoline-equivalent  mpg).  In  other  words,  the  Diesel  fuel  economy 
improvement  is  in  the  range  of  the  mature  Stirling  for  the  mid-eighties 
time  period. 

Further,  ADP  majority  opinion  supports  Volkswagen's  posture  that  their 
current  demonstration  model  could-  be  mass-produced  by  1980.  They  have 
been  demonstrati ng~about  13  percent  improved  gasoline-equivalent  fuel 
economy  v/ith  respect  to  Best-75  Otto  engines.  We  note,  however,  that 
the  Volkswagen  data  was  not  available  to  the  JPL  study  team  at  the  time 
of  their  study,  and  that  Volkswagen's  current  engine  and  their  projec- 
tions seems  to  represent  somewhat  lighter  weight  Diesel  technology  than 
heretofore  considered  available  in  these  time  periods. 


Robert  A.  Hus ted 


Distribution: 

W.  Stoney,  TST-1 
A.  Grofaecker,  TST-8 
C.  Frasier,  TSC-40Q 

R.  John,  TSC-610 
H.  Miller,  TSC-404 
L.  Roberts,  TSC-600 

S,  Powel,  TSC-612 
MVG  Panel  Chairmen 
ADP  Members 
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JET  PROPULSION  LABORATORY  Caiifomia  Institute  of  Technology  • iSOO  Oak  Grove  Ihive,  Pasadena,  California  91103 

Hoveinber  5»  1975 


Richard  L.  Strombotne 
Department  of  Transportation’ 
400  7th  Street,  S.W. 
Washington,  D.C,  20590 


Dear  Di-ck: 

This  letter  is-  in  response  to  your  memo  of  October  9 relative  to  the 
ADP's  position  on  the  JPL  report.  We  thank  you  for  the  statement  that 
this  report  is  '*an  excellent  and  well  written  one  in  doctimenting  the 
present  understanding  and  status  of  automobile  powerplant  development 
and  manufacturing  technology.''  This,  however,  was  only  our  starting' 
point  — we  went  on  to  project  future  potential  at  consistent  levels 
of  technology  ("Mature''  and  "Advanced").  We  defined  these  in  technical 
terms , not  in  terms  of  the  date  available , since  the  date  obviously 
depends  on  what  we  do  between  now  and  then.  Many  of  the  comments  in 
Bob  Husted*s  memo  reflect  a feeling  that  it  will  take  longer  than  we  say. 
Thaf’s  an  easy  point  of  view  to  take  — if  we  do  nothing,  it  will  take 
forever.  More  important  is  the  question,  what  would  we  have  to  do  to 
make  it  a reality  by  I985  (or  sooner)? 

Otar  response  to^otir  comments  on  our  five  major  findings  is  given 
below.  To  save  space,  I have  not  repeated  our  finding  and  the  ADP 
comment,  but  a copy  of  Bob's  memo  is  attached  for  easy  reference. 

JPL  RESPONSE  TO  ADP  COMMEWT  OH  JPL  FUTOUTG  (l); 

In  total,  the  benefits  are  essentially  independent  of  engine  type. 

We  agree  that  the  transmission  improvements  will  have  different  payoffs 
on  different  engines  but  all  will  benefit.  The  rank  order  is  not  e:q)ected 
to  change  either,  eg.,  the  Otto  with  CVT  won't  sirrpass  the  Diesel  with  CVT. 
Further  work  is  urgently  needed  to  resolve  the  CVT  issue  on  the  Otto  as 
well  as  with  the  other  engines. 

JPL  RESPONSE  TO  ADP  COMI/ENT  ON 'JPL  FCTDIITG  (2); 

(l)  It  is  silly  to  put  much  credence  in  the  "Advanced"  engines  and 
especially  to  associate  a calendar  date  with  them  ("early  90 's")  since 
they  all  require  a research  breakthrough  in  materials  which  cannot  be 
scheduled.  They  could  come  in  the  mid~80’s  and  essentially  leapfrog 
the  "Mature"  (metal)  configuration,  or  perhaps  never  happen. 
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C2)  Regarding  the  horsepower  differences  between  the  Brayton  and 
Stirling  engines  and  that  of  the  U.C.  Otto,  These  sizings  were  done  on 
an  absolute  basis  (not  on  a HP/WI!  ratio  basis)  and  were  determined  by 
computer  simulation.  The  recent  350  CID  engine  map  provided  us  by 
Bob  Rusted  does  have  a better  torque— speed  characteristic  than  our 
Mature  U.C»  Otto  engine*  Our  torque-speed  curve  is  similar  to  that  of 
three  engines;  19T3  350  CID  Che’/y,  197^  Toyota  four  cylinder,  and  a 
pre-emissions  controlled  305  Chevy.  We  are  in  the  process  of  syn- 
thesizing an  OEE  vehicle  powered  by  the  GM  engine  in  order  to  determine 
HP,  fuel  economy,  and  vehicle  weight.  Note,  however,  that  the  effect 
will  be  a lowering  of  the  required  Otto  engine  HP. 

(3)  You  disagree  with  our  "fuel  economy  improvements  of  alternative 
production  engines  in  the  mid-80’s  (Mature  engines).'*  This  confuses  two 
points:  (a)  the  performance  of  the  "Mature"  configuration  engines,  and 

(b)  the  date  at  which  they  will  be  available. 

Our  configurations  (pressures , temperatures , component  efficiencies , 
parts  breakdown,  etc.  ,)  are  defined  in  detail  in  each  engine  chapter  in 
Volume  II.  If  you  disagree,  it  is  only  meaningful  to  talk  at  a technical 
level  based  on  the  referenced  reports  and/or  test  data  and  thermodynamic 
calculations.  (Since  it  is  always  possible  to  do  worse  than  the  best 
possible,  it  is  easy  to  find  references  to  lower  performance  - can  you 
show  fault  with  the  performance  which  will  be  achieved  after  an  intensive 
development  program?). 

If  you  disagree -on  the  date  the  Mature  technology  will  be  ready  for 
production,  that  is  easy  to  understand  since  it’s  strongly  a policy 
variable  (eg.,  in  the  control  of  man).  Obviously,  if  nothing  is  done, 
the  Mature  engines  may -never  be  achieved.  We  contend  that  with  immediate 
•funding  at  the  levels  we  st^ggest , and  with  a government /industry  commit- 
ment to  success,  that  the  1985  date  is  a meaningful  target. 

The  statement  that  "current  (or  soon-to-be  demonstrated)  advanced 
development"  models  are  the  only  ones  that  could  be  in  production  in  I985 
is  very  conservative  - more  so  than  the  industry's  posture. 

(li’)  It  -is  stated  that  the  ERDA  members  do  not  consider  the  13^ 

Stirling  efficiency  improvement  "likely"  for  the  mature  (1985 ) version. 

We  did  not  consider  the  likelihood  since-  that  is  mainly  a policy  variable  — - 
obviously  if  everyone  says  it  can't  be  done,  it  won't  be.  We  made  an 
estimate  of  what  coiild  be  done  as  the  result  of  a high-level  development 
program. 
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(5)  Relative  to  the  Single-Shaft  version  of  the  Brayton,  we  agree 
that  there  is  uncertainty  about  the  required  CVT— otherwise  it  would 
he  such  a clear  winner  that  the  free  ttirhine  would  he  dropped.  Two 
points;  (l)  The  C7T  for  the  SS  Brayton  can  he  of  a different  kind,  and 
is  thotight  to  he  a simpler  problem,  than  a CVT  for  the  Otto  (or  other) 
engines;  (2)  Ford  hag  non  a VSTC  (Variable  Stator  Torque  Converter) 
type  transmission  with  a SS  engine  in  a car  and  considers  that  existing 
problems  will  yield  to  a development  program. 

JPL  EBSPOKSE  TO  ADP  COMKEHT  ON  JPL  FIMDUTG  (3) : 

You  agree  with  us  here,  with  the  proviso  that  the  scope  he 'broadened 
to  include  ”all  relevant  alternative  engine  technology,”  If  there  were 
an  infinite  amount  of  money— maybe  so.  The  danger,  of  course,  is  a 
dilution  of  limited  reso;n:ces  to  such  a low  level  that  little  gets 
acconrolished  (the  prohlem'to  date).  We  tried  to  pick  the  most  promising 
to  focus  the  effort,  while  not  ' putting  all  the  eggs  in  one  basket. 

JPL  RESPONSE  TO  ADP  COMMESIT  OK  JPL  FIIIDm  (U); 

We  agree  with  the  need  for  "substantial  continued  development, 
paarticularly  in  regard  to  catalytic  emission  controls  and  engine  controls” 
to  allow  the  UC  Otto  to  achieve  better  fuel  economy  while  simvrltaneously 
meeting  the  Statutory  Fmission  Standards.  If  this  is  not  achieved,  the 
widely  publicized  fuel  economy  loss  will,  in  fact,  happen  and  the  Brayton 
and  Stirlings  will  look  even  better  by  comparison. 

JPL  RESPONSE  TO  ADP-COM-ffilTT  OH  JPL  FIM)IHG  (5); 

The  great  trust  put  in  the  "projections”  and  "posture"  of  VW  relative 
to  their  Diesel  is  amazing  compared  to  the  distrust  usually  accorded  state- 
ments by  U.S.  manufacturers . 

It  is  true  that  the  VW  Diesel  Rabbit  EPA  test  data  was  not  .available 
to  us  at  the  time  we  did  the  study.  Very  little  has  been  said  about  the 
technical  details  of  the  engine  itself,  but  no  breakthrouigh  in  design  or 
combustion  efficiency  has  been  claimed.  There  is  no  reason  to  e:q)ect  any 
significant  BSFC  improvement  over  other  divided  chamber  engines. 

As  can  be  seen  from  Attachment  A,  our  diesel  fuel  economy  projections 
are  not  very  different  from  those  of  the  panel  (6^  lower  on  a sales-weighted 
average).-  We  have  the  greatest  discrepancy  at  the  smaller  sizes.  In 
retrospect , our  Mature  diesel  engine  weights  for  the  smaller  sizes  are 
probably  too  hi^  (because  we  kept  a constant  BHP/CID  rather  than  let  it 
increase)  and  for  the  "Full-size”  and  "Large"  sizes  our  weights  may  be  too 
low.  In  any  case  our  Mature  diesel  weights  are  considerably  lower  than 
current  diesel  engines. 
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The  frequently  quoted  statement  that  the  W Diesel  Rabbit  weighs 
only  50  pounds  more  than  its  gasoline  counterpart  is  irrelevant  since 
these  are  not  OEE  vehicles.  If  you  resize  the  gasoline  engine  (and 
account  for  weight  propagation)  the  equivalent  gasoline-powered  Rabbit 
would  be  about  150  poiinds  lighter  - generally  consistent  with  bur  weight 
differences.  Diesel  engines  are  heavier  because  they  have  higher  stresses. 

If  VW  does  it  with  little  weight  (and/or  cost)  increase,  they  either  have 
a lower  durability  engine  or  the  baseline  gasoline  engine  is  greatly 
overdesigned. 

We  feel  that  the  known  environmental  problems  of  particulates,  odor, 
and  Nox  higher  than  the  statutory  limits  must  be  resolved  before  wide- 
spread  introduction  of  the  Diesel,  There  may  be  fundamental  limitations 
in  these  areas.  ‘ The  availability  of  fuel  may  also  limit  the  scope  of 
applicability . 

The  statement  that  the  VW  Diesel  should  be  15^  better  than  the  panel's 
improved  Otto  engine  ignores  the  effect  of  performance  level.  The  Diesel 
should  look  relatively  better  in  high  performance  cars  than  in  low  performance 
because  the  Otto  suffers  most  from  throttling  losses  on  high  performance 
engines.  See  Item  (4)  below  for  quantitative  data. 

We  have  had  several  reactions  to  the  effect  that  our  Diesel  nxnnbers  look 
low.  Before  Jumping  to  conclusions,  we  suggest  considering  four  reasons  why 
our  numbers  are  smaller  than  those  commonly  quoted: 

(1)  Comparisohs~are  made  on  a gasoline  equivalent  (BTU/mi)  basis. 

(2)  Our  base  point  is  the  Mature  UC  Otto  which  is  5^  better  than 
the  best  75 *s  and  10%  better  than  the  average  75 ’s  (on  a sales- 
weighted  basis).  Both  of  these  basepoints  are  much  better  than 
the  1973  or  197^  basepoints  frequently  used. 

(3)  Our  vehicles  are  compared  on  an  Otto-Engine-Equivalent  (OEE) 
vehicle  basis.  The  HP  has  been  adjusted  to  yield  the  same 
acceleration  (including  engine  weight  changes  and  vehicle 
weight  propagation). 

♦ Such  comparisons  are  rarely  made, 

♦ Ctnrrent  vehicles  which  are  sold  with  either  Otto  or  Diesel 
engines  (Mercedes,  Peugeot,  Opel,  and,  perhaps  in  the  future, 
the  "Magic  Rabbit")  -are' definitely  NOT  OEE  vehicles. 
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(U)  Our  fuel  economy  conroari'sons  in  Volume  I are  sales-weighted 
averages  on  the  composite  cycle.  A co^arison  of  Tables  3-5 
and  h-lQ  shows  .that  the  Mature  Diesel  has  a 17^  advantage  for 
the  high  performance  (Large)  cars  and  only  a 6/S  advantage  for 
the  low  performance  (Small)  cars  (on  the  composite  cycle).  The 
sales-weighted  difference  (composite  cycle)  is  13. as  shown 
in  Volume  I.  It  should  also  be  noted  that  the  Diesel  is 
relatively  better  on  the  urban  cycle  (plus  19% s sales-weighted, 
present  market)  than  the  highway  cycle  (5^>  sales-weighted, 
present  market). 

In  summary,  Dick,  I’d  like  to  point  out  that  the  entire  ADP_ critique 
was  based  on  an  "opinion  poll"  of  the  (non-JPL)  members.  I contend  that 
this  method  is  appropriate  for  policy  variables  or  consumer  preferences 
but  not  for  resolving  a technical  question  such  as  how  many  MPG  a Brayt on- 
powered  car  of  given  characteristics  will  have. 

Throughout  the  critique  a philosophical  difference  -emerges.  The 
members  seem  to  be  interested  in  "being  right"  in  the  sense  of  accurately 
predicting  the  future.  Statements  about  what's  "likely"  or  what  the 
industry  will  or  will  not  do  are  of  this  type.  A more  important  question, 
especially  for  a government  study,  is  what  can  the  government  do  to  ■ 
accelerate  progress  to  lead  to  significant  irrorovements  in  our  energy  and 
environmental  problems . It  is  no  challenge  to  predict  less  will  be 
accomplished  or  that  it  will  take  longer.  Since  the  outcome  is  at  least 
partially  in  the  hands  of  the  government,  your  pessimistic  estimates  may 
turn  'out  to  be  a self-fulfilling  prophecy.  You  get  to  be  right  and  only 
the  nation  loses. 

Please  take  this  in  a friendly  vein  — we  all  have  similar  goals. 

Let's  get  on  with  it  I 

Sincerely  yours, 

R.  Rhoads  Stephenson 

Systems  Analsys  Section  Manager 

RRS'.bl 

Enclosure 

Distribution: 

R.  A.  Rusted 
ff.  Stoney,  TST-1 
A.  Grobecker,  TST-S 
C.  Frasier,  TSC-400 
R.  John,  TSC-610 
H.  Miller,  TSC-Uo4 


L.  Roberts,  TSCt600 

S.  Powell,  TSC-612 

Motor  Vehicle  Goals  Panel  Chairman 

Automobile  Design  Panel  Members 

APSES  Team  Members 
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AmCHMENT  A 

DIESEL  FUEL  ECONOWy  COMPARISONS 


(Composite  Cycle,  Gasoline  Equivalent) 


SIZE 

CLASS 

i 

CURB 

WT 

HP 

(1) 

JPL 

MATURE 

DIESEL 

(MPG) 

(3) 

ADP 

1975 

PROTOTYPE 
DIESEL 
(MPG)  • 

(4) 

ADP 

IMPROVED 

(TURBO) 

DIESEL 

(MPG) 

MINI 

1790 

53 

37.0 

39.9 

*43.9 

SMALL  I 

2310 

74 

32.2 

32.0 

35.2  • 

SUB< 

2830 

101 

27.4 

26.4 

29.0 

COMP. 

3340 

131 

23.3 

22.4 

24.7 

FULL 

4220 

182 

18.8 

18.0 

19.9 

LARGE 

5160 

238 

15.5 

15.0 

16.5 

SALES-WEIGB 

19.5 

18.8 

20.7 

(-47.) 

(+67.) 

^^^From  JPL  Table  4-10,  Vol.  II. 

^^^Based  on  "present"  market  mix.  Table  3,  Vol.  I.  • 

^Configuration  D,  Table  6.17,  Oct.  22nd  Draft  of  chapter  6,  using  JPL 
HP/WT  Ratio,  divided  by  1,11  for  gasoline  equivalence, 

(L) 

' 'Configuration  E,  same  as  Footnote  3. 
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ORIGINAL  PAGE  li 
OF  POOR  QUAUTYI 

suEJEci.  Comment  on  the  JPL  study 


Dtl'ARTMLfiT  OF  i R/J;  SPORT  Ml  u , 

ornCE  Of  "SHE  sbcrevpY 


October  9,  1975 

In  reply 

ri.fer  to.  JPI-50 


fROy 


Robert  N'utter 


Alan  Grobecker 


As  compared  to  the  MVG  study,  the  JPL  study  objective  v;as  essentially 
one-dimensional.  Tije  stated  aim  was  to  investigate  an  engine  to 
maximize  fuel  economy  given  the  emissions  statutes,  i’-'o  consideration 
of  safety  'was  includc-Q  and  no  systemaric  analysis  of  the  total  costs 
or  beneficial  impacts  appear  to  have  been  made.  Given  this  same  limited 
■ objective  and  assuming  that  the  JPL  technological  work  is  not  grossly 
wrong,  the  MVG  study  \.'ould  reach  the  same  conclusion.  Hov/ever,  because 
the  MVG  study  objective  covers  a broader  range  of  costs  and  benefits 
as  well  as  a wider  scope  of  technological,  alternatives  and  strategies, 
it  is  not  necessarily  true  that  the  suboptimization  of  the  JPL  study 
will  also  be  the  global  optimum  that  MVG  seeks. 

The  JPL  study  does  highlight  one  important  consideration  that  the 
MVG  study  is  encountering  - near  term  versus  longer  term  alternatives. 
The  EDC  designs  show  premise  of  being  able  to  very  nearly  meet 
emissions,  fuel  economy  and  safety  goals  simultaneously  at  a reasonable 
price  if  the  Stifling  engine  and  Mini-car  construction  technique  both 
pan  out.  However,  tne  CTE  designs  appear  to  be  still  divergent  along 
the  various  vectors.  Thus  in  the  1980-85  period,  some  compfemi se  is“ 
likely  to  be  necessary.  Furthermore,  the  most  fuel  efficient  CTE 
engine,  the  diesel,  could  be  superceded  in  1985  by  the  Stirling  so 
that  investments  in  diesel  production  facilities  and  superstructure 
could  be  short  lived  and  expensive.  Near  term  investnients  in  the 
best  CTE  could  inhibit  growth  to  the  best  ECC.  The  EDC  Stirling 
engine  development  involves  a risk  so  that  it  would  be  possible  to 
trade  off  the  best  CTE  in  expectation  of  a better  EDC  and  then  have 
that  expectation  not  realized. 

The  JPL  study  faced  this  near  term  - far  term  problem  on  a 
one-dimensional  basis.  The  MVG  must  face  the  -same  problem  on 
a multi-dimensional  basis. 
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FEDERAL  ENERGY  ADMINISTRATION 

WASHINGTON.  D.C.  20-161 


October  14,  1975 


Or.  A.  Grobecker 
r -.T/TST 

Buildir.g 

irLir.ont  of  Transportation 
.1  i:'.hington,  D.  C.  20594 

Al, 

Tl.o  OPL  Report  extends  the  implications  of  alternative 
ennine  designs  through  to  the  calculation  of  gasoline 
consumption  using  the  methodology  of  Chapter  14,  "Automobile 
In  this  respect,  the  procedures  used  in  Chapter  14 
parallel  in  function  to  procedures  developed  by  the 
y>irkcting  and  Mobility  Panel  in  support  of  rhe  MVG  Task 
rorco.  However,  the  approach  used  in  each  study  are  sub- 
antially  different.  The  JPL  Report  uses  a chain  of 
assumed  events  regarding  diversion  from  auto  travel,  vehicle 
trav'eled  per  vehicle,  future  fleet  size,  and  scrapoacie. 
Auto  sales  are  a residual  of  the  assumptions  regarding  fleet 
size  and  scrappage.  The  Marketing  and  Mobility  Panel,  in 
contrast,  has  developed  a integrated  behavioral  model  which 
places  the  greatest  emphasis  on  auto  sales  and  market  mix. 

‘.lie  remaining  variables,  fleet  size,  vehicle  miles  traveled 
and  scrappage  are  also  estim.ated  in  a consistent  equation 
:-y';toni  in  concert  with  auto  sales  and  market  mix.  The 
ni££orence  between  each  approach  can  not  be  overestimated. 

In  the  JPL  approach,  there  is  no  opportunity  for  any  of  the 
different  characteristics  of  alternative  designs  or  government 
h^’licy  options  to  affect  auto  demand,  market  mix  or  travel 
boliavior.  In  the  Marketing  and  Mobility  Panel's  approach,  the 
'^^hicle  costs,  fuel  and  operating  efficiencies  and 
government— induced  price  alternations  in  the  auto  or  fuel 
markets  are  the  instruments  (exogenous  policy  variables)  which 
drive  the  model  to  produce  new  estimates  of  the  output 
'^enables.  While  this  difference  beiv/een  the  fwo  approaches 
7m  given  the  technology-oriented  emphasis  of  the 

, Report,  the  JPL  travel  and  auto  forecasts  are  not  well 
enf^'7  variables  are  forecasted  into  future  periods  based 

y past  trends  and  pure  assumption.  Realistically, 

12. s may  turn  out  to  produce  as  reasonable ,•  or  even  more 
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reasonable,  forecasts  as  would  be  produced  from  an  econo- 
metric approach,  but  it  is  inconsistent  with  the  level  of 
effort  exhibited  in  other  sections  of  the  JPL  Report. 

; . ’ > ■ 

The  JPL  Report  does  pay  attention. to  "specific  urban  basins" 
{14.1.3)  in  the  context  of  an  air  quality  analysis.  Since- 
the  Air  Quality  Panel  is  responsible  for  this  area  I will  not 
comment  on  that  section  of  Chapter  14. 

I hope  these  coimnents  are  sufficient  for  your  purpose.  If 
not,  let  me  know. 


Sincerely, 


Carmen  Difiglio 
Economist 
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MOTOR  VEHICLE  MANUFACTURERS  ASSOCIA  TION 


tif  liio  Unitul  St.ici..s.  It'll'. 

1909  K STRtKT.  N'.W.  SL’iTM  )00  . \X'.\Slll\'GTON,  D.G.  2i\'C(. 


ARL’A  202.S72-9359 


!iiriI.M:i)  I.  TKItItKI.I..  Chmr-nm, 

\V.  n KltKRLK.  PrvsUU'nt  and  Chief  tlxcuiUi*'  Offtvr 
inOMASH  HANNA  HuffVrWi'nf 

K MacCI.ri*  RV.  Wro /Vc5t'/*/Ji 


oppmf  ® 
mu  QUALirr 


October  24,  1975 


Dr.  Allan  J,  Grobecker 
Program  Manager 
Climatic  Impact  Assessment 
Of.fice  of  the  Secretary 
Department  of  Transportation 
Washington,  D.C.  20590 

Dear  Dr.  Grobecker: 

On  September  26,  1975,  Mr.  William  E.  Stoney  xvrote  the 
four  domestic  light  duty  vehicle  manufactux'ers  and  the 
Motor  Vehicle  Manufacturers  Association  request- 

ing a critique  of  the  JPL  report  entitled,  "Should  We 
Have  a Nev;  Engine?" 

Because  individual  manufacturer  analyses  would  be  more 
specific  and  re.sponsive  to  your  purpose  than  an  MVMA 
staff  report  can  possibly  be,  we  have  encouraged  our 
members  to  respond  directly  to  you.  I understand  that 
at  least  three  of  the  four  manufacturers  are  preparing 
substantive  replies,  based  on  their  individual  experiences, 
to  assist  in  an  evaluation  of  the  JPL  report  as  a possible 
reference  in  the  Task  Force  report. 

Although  MVMA  staff  will  therefore  refrain  from  sub- 
mitting a critique,  please  call  on  us  if  we  can  assist 
the  Task  Force  in  any  other  way. 


Sincerely, 


W.D.'"  Eberle 
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Critique  by 

Energy  Research  and  Development  Administration 
Office  of  Highway  Vehicle  Systems 
Heat  Engine  Systems  Branch 
Transportation  Energy  Conservation 
Washington,  DC  20545 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91 103 
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^ JET  PROPULSION  LABORATORY  California  Institute  of  Technology  . 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-225-6 

June  29,  1977 


Mr.  George  Thur,  Assistant  Birector 
Office  of  Highway  Vehicles 

Division  of  Transportation  Energy  Conservation 
Energy  Research  & Development  Administration 
20  Massachusetts  Ave. 

Washington,  DC  20545 

Dear 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

This  letter  is  in  response  to  comments,  originating  within  ERDA,  about  the 
methodology  and  conclusions  of  the  subject  report.  Aggregating  and 
responding  to  these  critiques  is  being  carried  out  under  the  ATSP  Project 
as  summarized  in  the  enclosure. 

In  a memorandum  from  R.  A.  Mercure  to  T.  Sebestyen  (formerly  of  ERDA/TEC) 
there  is  a summary  of  the  initial  critiques  by  American  Motors,  Ford,  and 
Chrysler,  These  critiques  and  the  JPL  responses  will  be  contained  in  the 
Compendium  of  Critiques  in  Sections  7,  2,  and  3,  respectively.  Copies  of 
three  JPL  responses  are  attached.  R.  Mercure  also  refers  to  a critique  by 
Gregory  Flynn,  Jr.,  which  mostly  concerns  overall  conclusions  about  the 
Stirling  and  Brayton  engines,  and  discusses  some  of  the  policy  judgments 
expressed  in  the  subject  study. 

Comments  by  R.  Mercure  center  on  forecasts  of  major  near-term  technological 
developments.  He  points  out  the  historically  slow  pace  of  automotive 
innovation.  It  is  important  to  note  that  the  subject  study  looked  not  at 
what  is  likely  to  happen  in  a business-as-usual  world,  but  rather  at  what 
can  be  made  to  happen  as  a result  of  a comprehensive  success-oriented 
development  program.  This  would  require  changes  in  Incentives  and  funding 
levels,  and  it  would  seem  that  ERDA/TEC  can  play  a significant  role. 
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June  29,  1977 


A letter  ty  Graham  L.  Hagey  (EEDA)  expresses  his  concern  about  future  fuels 
availability  and  elaborates  on  the  trade-offs  between  electric  and  heat- 
engined  automobiles.  These  matters  interest  us  greatly,  and  we  hope  that 
they  may  be  treated  in  our  future  work. 

Our  general  approach  to  these  major  critiques.  Instead  of  attempting  to 
reply  point-by-point  in  a letter,  is  to  reflect  these  comments  in 
structuring  our  ATSP  work.  Our  responses  to  many  of  the  critiques  will 
thus  be  implicit  in  our  future  work. 

We  would  like  to  thank  the  several  ESDA  staff  menbers  who ■ contributed 
their  comments,  and  to  express  our  appreciation  for  the  opportunity  ESDA 
has  afforded  JPL  in  making  this  work  possible. 

Sincerely  yours, 

M-  ■ 

Harry  E^;[^^trill,  Project  Manager 
Automotive  Technology  Status  and 
Projections 


HEC ; tm 

Enclosures : (4) 
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UNITLD  STATES 

ENERGY  RESEARCH  AND  GEVELQPMENT  ADMlNISTRATiON 
WASHt^GlON,  D C 

JAN  5 1376 


TTiomas  Sebestyen,  Acting  Chief 
Heat  Engine  Systems  Branch 
Transportation  Energy  Conservation 

SUMMARY  OF  AGREEMENTS  AND  DISAGREEMENTS  TO  JPL'S  (JET  PROPULSION 
LABORATORY)  REPORT  "SHOULD  WE  HAVE  A NEW  ENGINE?" 

Based  on  critiques  received  to  date.  Including  aiy  own,  the  general 
consensus  of  appraisals  is  that  the  JPL  report  is.  a useful  and  conp^ehensive 
study.  A majority  of  the  comments  are  complimentary  on  the  report’s 
attempted  objectivity  displayed  in  comparing  alternative  power  systetss 
against  conventionally  powered  passenger  cars.  There  is  a uniformity  in 
agreement  with  in-house  company  programs  by  industry  and  experience  or 
self-interest  by  individuals. 

Responses  on  the  JPL  report  were  obtained  from  Dr.  Allen  J.  Grobecker  of 
DOT,  They  include  American  Motors  who  does  not  have  the  manpower  to  critique 
the  report , Ford  who  promised  a more  detailed  follow-up  to  an  initial 
critique  submitted,  and,  Chrysler.  Dr.  Grobecker,  in  a memorasidua  to 
Dr.  Richard  Strombotne,  also  of  DOT,  recommended  that  these  concrlbutiona 
should  be  reflected  in  the  panel  reports  of  the  Automotive  Design  and 
Automotive  Manufacturing  Panels. 

In  addition,  a critique  prepared  by  Gregory  Flynn,  Jr.,  a former  Geqaral 
Motors  staff  engineer  associated  with  their  Stirling  engine  program  for 
many  years,  is  also  included.  The  critique  was  prepared  for  Continental 
Motors  - Muskegon  and  was  released  to  EBDA. 

The  agreements  and  disagreements  with  JPL's  major  finds  and/or  assumptioofl 
are  therefore  listed  as  follows : 

FORD 

Agreements 

1.  The  Bray ton  and  Stirling  engines  offer  the  greatest  potential  in 
reducing  fuel  ’consumption  and  emissions. 

2.  Major  technological  advances  must  occur  before  the  Brayton  and 
Stirling  engines  could  become  serious  competitors  to  the  Otto  engine. 

3.  Lead  time  of  at  least  4 years  is  required  to  begin  production  after 
the  needed  technology  Is  finally  proven. 

4.  Both  alternative  engines  would  be  significantly  more  costly  in  first 
cost. 


^'^^6-191'° 
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i,  .1  y.  aiir.cssmoriL  cf  economic  issues. 

ry  emission  standards  can  be  met  in  the  near  terra  with  an 
Otto  engine  more  economically  than  those  meeting  19/:'  standards 


Cm^SLER 

Agreements 

1.  The  Brayton  and  Stirling  engines — that  one  or  .both  should  be  irvtroduced 
as  soon  as  their  benefits  (economy  and  emissions)  can  be  economically 
realized  in  mass  production  hardware,  but  that  equal  priority  should 

be  given  the  Diesel,  Stratified  Charge  and  Otto  Engines  as  well  as 
the  Continuously  Variable  Transmission. 

2.  The  low  emission  target  of  0.4  g/mile  NOx  will  eventually  be  met,  but 
the  exact  nature  of  the  system  and  the  time  to  develop  it  including  the 
3-way  catalyst  are  still  unknown  in  regard  to  the  Uniform  Charged  Otto. 

3.  Minimum  time  to  develop  and  tool  a new  engine  is  10  years. 

4.  Rankine,  Electric  and  Hybrid  engines  are  not  viable  alternative  concepts 
for  the  1980’s. 

Disagreements 

1.  CVT's  will  benefit  all  engines  equally. 

2.  JPL's  assumed  "Otto  Engine  Equivalent"  of  0 to  60  mph  acceleration  tine- 
does  not  represent  equivalency  in  the  50  to  70  mph  acceleration  time. 

3.  JPL’s  balancing” higher  first  cost  against  reduced  operating  cost — 

Chryslers  experience  is  that  first  cost  is  far  more  important  to  the 
customer  in  the  competitive  auto  market. 

4.  JPL’s  conclusion  that  an  overall  cost  savings  of  $50  results  In  owning  • 
and  operating  a Diesel  powered  car  over  3 years;  Also  with  JPL’s 

choice  of  turbo-charged  pre-chamber  engine — that  they  should  have  consider^ 
an  open  chamber  Diesel  engine. 

5.  The  potential  for  lower  NOx  emissions  of  a Stratified  Charge  does  not 
represent  a major  long  term  advantage. 

6.  JPL's  Advanced  U.C.  Otto  concept  (1990)  assumed  a 15%  increase  in  fuel 
economy  could  be  achieved  in  a Wankel  with  the  use  of  a ceramic  rotor 
and  further  developments  in  seals. 


GREGORY  FLYNN,  JR. 

Agreements 

1.  Stirling  engine  may  possibly  be  an  excellent  alternative  engine  for 
automobiles. 
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j curarv  tho  data  used. 

2 . C. ' t 'A  I'.iie  j, . 

3-  Hrcxi.tn  en.jiau  ns  an  ,al  t.ornative  engine. 

‘4  Widerpread  inrrodnction  of  the  Stratified  Charge  Otto  or  Diesel 
engines  would  Inhibit,  tlie  introduction  of  the  Brayton  and  Stirling 
engines . 


No  attempt  is  made  here  to  reference  articles  or  editorials  published  by 
automotive  writers  who  unanimously  appraised  the  JPL  report  as, 

1.  optimistic  in  predicting  the  introduction  of  the  Brayton  and  Stirling 
engines  based  on  unresolved  problems  in  component  performance, 
durability  and  cost,  and 

'2.  a paper  study  that  recommends  what  should  be  done  without  specifying 
how  to  do  it. 


COMMENTS  BY  R.  A.  MERCURE 


I summarized  my  general  comments  and  recommendations  in  my  memo  to  you  on 
November  6,  1975.  Since  then,  there  have  been  some  questions  raised  on  the 
predicted'  fuel  economy  of  the  Stirling  engine.  Bob  Rusted 's  memo  of 
October  8,  1975  to-Dick  Strombotne  summarizing  the  Automotive  Design  Panel 
member's  comments  disagreed  with  the  4'3%  improvement  in  mpg  for  the  Stirling 
engine  over  the  Mature  Otto  as  shown  in  the  JPL  report  for  the  compact 
vehicle.  We  now  have  some  data  obtained  from  Ford  through  Bob  Schulz. 
Accordingly,  Ford’s  estimated  contract  goal  was  for  a 25%  increase  In  the 
Stirling  powered  Torino  over  a conventionally  powered  Torino.  Based  on 
projections  of  engine  dynamometer  tests.  Ford  has  revised  its  estimate 
upwards  by  10%,  claiming  a total  35%  improvement  for  the  Metro-Highway 
driving  cycle.  Actual  vehicle  testing  is  planned  and  is  considered  the 
only  valid  indication  which  may  still  not  be  representative  of  a mass  produced 
engine. 

In  regard  to  the  critiques , further  qualification  as  to  their  validity  not 
only  appears  necessary,  but  is  recommended.  Initial  reactions  tend  to 
display  personal  prejudices  which  we  all  have.  After  re-examlnlng  my  own  ■ 
critique,  I find  issues  I might  now  like  to  modify.  It  will,  however,  take 
a considerable  amount  of  digging  into  the  report  itself,  and  in  particular 
the  report's  references,  to  do  justice  here. 
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Insnj.ir  :i:  the  riMrT»i:>i(>rrdKitions  of  the  JfL  report  arc  concerned,  I have 

filro’-!,:  T '.-servati <nib , not  so  much  in  regard  to  what  should  be  done,  but 
.more  >.'•>  how  and  when  it  can  be  done.  In  this  respect,  it  might  be 
wortnwiiilc  lonking  back  at  the  history  of  dtvelopments  that  have  taken  place 
in  the  aircraft  gas  fur{)ine  as  well  as  the  automotive  industries  over  the 
past  30  years. 

Modern  turbojets  employ  the  use  of  axial  flow  compressors  exclusively. 

Their  flow  field  is,  incidentally,  considerably  less  complex  and  more 
efficient  than  that  of  the  centrifugal  compressor  which  is  a mandatory 
requirement  for  a low  cost  application  such  as  the  automobile  and  for 
pressure  ratios  exceeding  4:1.  Turbojet  designers  certainly  have  had  the 
incentives  to  increase  efficiency  and  stage  loading  in  terms  of  the 
resulting  payoffs  such  as  higher  thrust-to-weight  ratios,  lower  fuel 
consumption  and  simpler  mechanical  design.  Yet  most  of  the  gains  here 
have  been  relatively  minor.  The  progress  that  has  been  made  was  accomplished 
with  the  application  of  a given  technology  and  not  with  any  breakthroughs 
in  aerodynamics.  Higher  Mach  numbers  and  lower  Reynolds  numbers,  a result 
of  optimizing  on  the  employment  of  higher  turbine  inlet  temperatures,  mean 
higher  losses. 

In  regard  to  materials,  an  examination  of  history  here  will  demonstrate  that 
the  gains  in  stress  rupture  properties  particularly  in  low  alloy  materials 
has  been  small.  Most  of  the  increases  in  turbine  Inlet  operating 
temperatures  have  been  achieved  through  developments  in  heat  transfer  and 
not  in  material  advancements.  Manufacturing  innovations  were  largely 
responsible  in  implementing  the  heat  transfer  developments  made  here. 

Also,  it  can  be  stated  that  ceramic  technology  Is  in  Its  infancy  if  the 
concentrated  efforts  by  NASA  (NACA)  to  develop  non-strategic  alternatives 
to  nickel  based  turbine  blades  is  completely  ignored.  The  difficulty  in 
designing  components  with  brittle  materials  and  in  matching  low  expansion 
materials  with  high  expansion  materials  has  been  extensively  explored  and 
the  problems  have  not  yet  been  resolved. 

An  examination  into  the  history  of  developments  that  have  taken  place  over 
the  years  in  arriving  at  today's  automatic  transmissions  will  reveal  that 
alternatives  including  CVT's  are  certainly  not  new  to  the  automotive  Industry. 
Patent  searches  would  make  this  obvious.  The  modern  3 speed  automatic 
coupled  to  a 3 element  torque  converter  that  incorporates  a free  wheeling 
stator  has  evolved  as  the  best  overall  compromise  in  performance,  durability 
and  cost.  Mechanical  gearing  is  still  the  most  efficient  means  of  multiplying 
torque  within  the  limiting  diameters  and  lengths  imposed  in  automobile 
applications.  All  attempts  to  design  a practical  CVT  must  be  carefully 
compared  against  alternate  routes  of  off  the  shelf  technology  improvements 
such  as  additional  gearing  and  on  the  payoff  in  mpg  based  on  the  percentage 
of  time  the  benefits  are  realized  during  a given  driving  cycle. 
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On  Lh’.'  more  positive  side,  a few  of  the  key  conclui.  i -of;  of  the  JPL 
report  which  so  far  have  not  been  expllcitl.’  mentio->.  d in  Che  various 
critiques  are,  In  my  judgement,  the  major  i Ladings  oe  the  Otto  cycle.  They 
are : 

1.  Attainable  thermal  efficiency  is  limited  by  compression  ratio  — 
pre-ignition  and  detonation  of  liquid  petroleum  fuels  limit  compression 
ratios  to  between  8 and  10:1  which  is  far  below  that  required  for  high 
thermal  efficiency. 

2.  Post  expansion  heat  recovery  is  difficult  if  not  impossible  — spatially 
restricted  and  of  short  time  interval. 

3.  NOx  emissions  are  limited  by  a constant  volume  heat  addition  process  — 
large  temperature  increases  in  the  working  fluid  are  required  for  a 
given  quantity  of  heat  addition. 

I don't  believe  anyone  would  argue  with  item  2.  above.  On  item  1.,  the 
question  which  remains  to  be  answered  is  whether  a fuel  additive  now  exists 
or  could  be  economically  developed  that  would  allow  higher  compression  ratios, 
but  this  may  be  unnecessary  if  it  is  agreed  that  a three-way  catalyst  or  soi.ie 
such  other  add-on  device  cannot  be  developed  to  reduce  NOx  eraisslons  generated 
as  a result  of  item  3.  The  latter  consideration  depends  on  future  legislative 
action. 


Finally,  it  should  be  emphasized  that  the  desire  to  get  a socially  desirable 
result  is  not  to  beat  the  auto  industry  over  the  head.  You  cannot  legislate 
if  you  are  unsure  that  the  auto  industry  has  the  bogey  to  do  it.  Emission 
standards  should  be -legislated  to  meet  the  air  quality  standard^  when  the 
standards  required  for  safe  health  are  defined.  They  should  not  exceed  these 
standards.  Likewise,  the  fuel  economy  standards  should  be  legislated  to  meet 
the  nation's  energy  demands.  On  this  point  it  may  be  far  easier  to  legislate 
the  fuel  consumption  in  terms  of  allocation  rather  than  fuel  economy  which 
would  avoid  speculative  forecasting  by  even  the  most  competent  and  respected 
experts.  This  would  preserve  the  free  enterprise  system  and  remove  government 
doubts  on  what  the  industry  can  do  because  they  will  then  have  greater 
incentives  for  change  should  these  be  possible. 

♦ ✓ 


cc:  G-  Thur 

J . Brogan 
S.  Luchter 
P.  Sutton 
B,  Schulz 
S . Kramer 


..  f 


Robert  A.  Mercure 

Office  of  Highway  Vehicle  Systems 

Div.  of  Transportat ion  Ein-fRy  Conservation 

Office  of  Conservation 
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UNITED  STATES 

ENERGY  RESEARCH  AND  DEVELOPMENT  ADMINISTRATION 
WASHINGTON,  O.C.  20545 


JAN  D B76 


R knoads  Slcphunson 


JAN  2 u 1976 

Or.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 


Dear  Dr.  Stephenson: 

Thank  you  for  fotrwarding  me  a copy  of  the  report  entitled,  '.'Should  .We 
Have  a New  Engine?  - An  Automobile  Power  Systems  Evaluation." 

The  study  is,  in  bqt  opinion,  very  well  done  and  I believe  it  will  serve 
as  a valuable  reference  for  a long  time.  I am  particularly  pleased  to 
see  an  unequivocal  answer  to  the  question  - Shotild  we  have,  a new  engine? 

In  reading  the  report,  it  strikes  me  that  perhaps  the  conclusion  pertaining 
to  the  recommendation  for  development  and  introduction  of  alternative 
powerplants  (Brayton  or  Stirling)  is  highly  dependent  on  your  forecast  of 
supply  of  domestic  liquid  fuels  through  the .year  2000,  e.g..  Fig.  17-2. 

It  is  unfortunate  that  the  published  literature  on  this  subject  (e.g.. 

Ref.  17-7,  17-8)  is -being  rapidly  outdated  by  domestic  and  foreign 
etonomic  and  political  events. 

Simply  stated,  my  concern  is  that  the  time  period  examined  by  the  study 
is,  in  reality,  very  .short  when  viewed  within -the  perspective  of  a new 
auto  technology  such”as  Brayton  or  Stirling.  My  concern  can  perhaps  be 
expressed  by  a scenario  as  follows. 

A major  Brayton  or  Stirling  R&D  program,  such  as  the  study  reccmaaends,  is 
started  in  government  fiscal  year  1977 . The  R&D  program  produces  a 
technically  and  economically  viable  protot3rpe  powerplant  in  1985. 

Accelerated  engineering  development  permits  the  introduction  of  the 
powerplant  in  1990  and  the  incorporation  of  the  powarplant  in  all  new 
vehicles  by  1995.  By  2008,  the  fleet  will  be  a Brayton  or  Stirling  fleet. 
By  2010,  liquid  fuel  prices  are  such  that  only -"essential"  markets  (e.g., 
aircraft  transportation,  petrochemicals)  can  afford  to  use  liquid  fuels. 
Surface  transportation  is,  in  the  main,  shifting  rapidly  to ' electrification. 
As  a result,  the  Brayton  or  Stirling  powerplant  has  a lifetime  of  only 
20  years,  stated  in  terms  of  production  manufacturing.  I realize  that  this 
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is  an  overs amplified  scenario;  however,  I believe  it  is  reasonable  to 
consider  this  scenario  possibility  as  a potential  drawback  to  the  initiation 
of  a major  new  engine  R&D  program.  The  argument  is  also  being  made  that  we 
should  Improve  the  Otto  cycle  - personal  auto  to  its  technical  limit  while 
preparing  for  electrified  land  transportation. 

My  ovm  personal  opinion  is  that  we  should  pursue  all  options  - the 
brayton-Stirling,  the  electric  and  Otto  cycle  improvements.  Even  if 
we  spend  several  hundred  million  dollars  on  -development  of  the  heat  engines 
and  then  discard  them  before  marketplace  introduction,  I believe  the  money  will 
be  well  spent  as  insurance.  I emphasize-  that  these  are  my  personal  thoughts 
and  not  the  position  of  the  Energy  Research  and  Development  Administration. 

I believe  the  "weakness"  of  the  study  is  the  .reliance  on  the  future 
certainty  of  liquid  fuels.  In  our  energy  analysis  the  demand  side  of 
the  equation  can  be  analyzed  and  forecast  with  a reasonable  level  of 
confidence.  On  the  supply  side  it  is  impossible  to  use  conventional 
economic  analysis  with  confidence.  In  my  opinion,  -the  1970-71'  NPC 
studies  on  energy  supply  are  quite  inadequate;  however,  I understand 
the  dilemma  — this  is  probably  the  moat  detailed  and  exhaustive  study 
available ■ on  the  sub j ect . 

You  state  the  energy  uncertainty  regarding  electric  cars  very  well  (p.  '17-29) 
by  stating:  "Whether  or  not  that  potential  (electric  car)  could  be. realized, 

or  do  anything  to  increase  efficiency  of  total  fuel  utilization,  depends  on 
factors  not  yet  analyzed ... .l<ore  detailed  analysis  than  has  heretofore  been 
done  with  harder  data  than  are  now  available  is  required  to  answer  that 
question."  The  question  — Should  we  have  an  electric  car?  ^ — is  clearly 
a very  difficult  question  to  analyze',  and  accordingly  a. very  difficult  ■ 
question  to. answer  unequivocally.  We  have  been  studying  the  Impact  question 
of  electric  passenger  vehicle  for  two .years  and  we  will  continue  further 
impact  analysis,  as  well  as  examination  of  coal  to  electricity  energy 
supplies  and  net  energy  efficiencies,  so  that  we  can  provide  substantive 
data  and  information  on  the  question  of  electric  versus  advanced  heat  : 
engine  personal  transportation. 

With  regard  to  this  most  important  question  (electric  versus  advanced 
heat  engine .vehicles)  your  study  is  a valuable  and  much  needed  work. 


Sincerely, 


Graham  L.  l^gey 
Acting  Assistant  Director 

cc:  J.  Brogan  Systems  Analysis,  Ev^uatlon 

R.  Kirk  and  Implementation 

G.  Thur 
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WASHliIOTOM,  0.0.  2U345 

November  6,  1975 


Tom  Sebestyen 
R.  A.  Mercure 

Comments  on  OPL  Report  "Should  We  Hava  a Mew  Engine" 
and  Recommendations  For  an  ERDA  Sponsored  Program 

Robert  A.  Hus  teds'  memof^andum  of  Oct.  8,  1975  to  Richard  L. 
Strombotne,  attached  hereto^ summarizes  the  comments  made  by 
members  of  DOT'S  Automobile  Design  Panel  on  the  major  findings 
of  the  JPL  report.  I am  in  general  agreement  with  these  comments 
except  for  differences  -in  projected  potential  fuel  economy  of 
the  mature  and  advanced  engine  configurations. 

ERDA's  projected  fuel  economies  were  summarized  in  the 
attached  table  of  August  14,  1975  prepared  for  the  Panel  Report 
that  was  sent  to  Dick  Strombotne  by  George  Thur.  Here'  the  ma- 
ture configurations  are  represented  by  the  "Evolutionary  De- 
velopments Completed"  or  year  1985  and  the  advanced  configura- 
tions are  referred  to  as  "Potential .Benefits  Realized"  or  year 
1990.  The  higher  fuel  economies  projected  by  EPA  for  the  ad- 
vanced and  mature  Diesel  do  not  appear  compatible  with  the  limi- 
tations of  higher  compression  ratios  or  more  significantly  the 
higher  peak  temperatures  of  intermittent  combustion  while  simul- 
taneously maintaining  low^NOx  formation  as  is  discussed  in  the 
JPL  report.  With  strict  emissions  as  a mandate,  JPL's  assessment 
of  the  Diesel  does  not  aopear  to  underestimate  its  potential.  . 
This  position  is  supported  to  soma  extent  .by  General  f-btors 
recently  announced  plans  for  introduction  oP  a Diesel  powered 
automobile  being  conti gent en  legislative  action  to  preserve  pre- 
sent emission  levels.  A1T  evidence' to  date  does  not  show  the 
Diesel  as  being  capable  of  meeting  the  0.4  gpm  M0)(  level.  VW's 
Diesel  was  apparently  targeted  at  approximately  a 1.2  gpm  NOx 
level  with  performance  equivalent  to  a smaller  gasoline  Otto 
engine. 

My  specific  criticismsonnthe  ji’L  report  in  general,  some 
of  which  may  be  characteristic  of  most  studies;  are  as  follows: 

1.  Limited  to  past  or  presently  conceived  designs 
and/or  systems  that  fall  to^^present  a'^iven 
engines-*  true  pdtential.. 

2.  Limited  to  curapig?  stress  .analyses  which  neglect 
vibrational  and  thermal  fatigue  and  their  effects 
on  endurance. 

Section  5,  pa^e  4,  of  this  document. 
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3.  Dismissal  of  mechanical  design  problems  as  being 
simply  developmental. 

4.  Overly  optimistic  about  the  application  of  ceramics 
based  on  limited  laboratory  demonstrations. 

5.  Failure  to  identify  performance  limitations  imposed 
by  high  Mach/low  Reynolds  number  effects. 

6.  Lacking  design  and  manufacturing  anomalies  acquired 
by  years  of  experience  that  industry  often  considers 
proprietary. 

The  shortcomings  listed  above,  however,  do  not  significantly  af- 
fect the  Reports'  major  findings  which  were  based  entirely  on 
the  mature  configurations. 

Aside  from  my  criticisms,  the  report  is,  in  my  judgement,  an 
excellent  treatment  of* a complex  subject  and,  no  doubt,  the  most 
comprehensive  publication  of  its  type  available  to  date.  The  ol)- 
jectivity  of  the  groundrules  established  combined  with  the  anal- 
ytical tbchniquas  developed  can  provide  ERDA  with  a means  of  com- 
paring alternative  engines  from  a systems  engineering  point  of 
view.  The  report  can  provide  a valuable  baseline  for  further  in- 
vestigations. 

I have  therefore  prepared  a 'list  of  area's  which  might  be 
further  explored  by  JPL  under' contract  with  ERDA,  These  recom- 
mendations are  tentative  and  should  be  reviewed  by  other  .staff 
members  at  ERDA  and  JPL  for  additions  and  deletions.  Present 
ERDA  priorities  and  budget  will  probably  influence  the  areas 
finally  selected.  The  proposed  topics  for  future  JPL  studies 
sponsored  by  ERDA  are  therefore  listed  as  follows; 

1.  Further  investigate  potential  performance  im- 
provements and  limitations  of  specific  engine  types. 
Define  what  could  be  done  to: 

a)  Cold  wall  effects  and  hot  v/alT  limits 'of 
Otto  and  Diesel  engines  of  fixed  and  vari- 
able displacement. 

b)  Aerodynanii'c  improvements  required  to  improve 
part  load  SFC  of  Bray ton  engines. 

c)  Turbocharging,  intercooling,  aftercool inq,  and 
bottomi  ng  improvements  .on  the  Oi.eseT. 

d)  Limitations  of  up*®  ocmplesc  RanktiW  cycles. 

e)  fresm'ths-^harn- 
ie5'  of swashp.late  "drive 
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2.  Fluid  dynamic  cfompon^nt  efficiency  potentials  of 
positive  and  variable  displacement  comnressors  and 
expanders  characteristic  to  each  engine  type.  Iden- 
tify Reynolds  and  Mach.  f|o.  effects,  flow  rafige,  etc 

3-.  Potential  performance  improvements  by  optimized 
system  engineering  using  presently  achlevaWls  com- 
ponent efficiencies  and  projections  of  mature  and 
' advanced  technology.  Include  multi-stage  components 
matching,  design,  etc.. 

4.  Consider  advanced  configurations  without  the  use 
of  ceramics. 

5.  Detailed  analysis  on  the  basic  mechanisms  of  heat 
transfer  peculiar  to  each  engine. 

6.  Detailed  stress  and  vibrations  analyses  in- critical 
components  including  manufacturing  limitations  on 
geometry  and  resulting  performance  penalties  in  or- 
der to  predict  engine  endurance  during  a specified 

' driving  cycle  over  50,000  miles. 

-7.  Performance  comparison  of  all  engines  equipped  with 
an  infinitely  variable  transmission  identifying 
particQflar  problems  characteristic  to  intermittent 
combustion  engines. 

8.  .Q/c,le  sensitivl ty/tradeoff  analyst's  to  determine 
the  effects  of  small  comprimises. 

9‘.  Comparison  of  required  volume,  frontal  area,  and 
packaging  compatibility  with  front  wheel-  drives. 

10.  Considerations  of  reduced  parasitic  bosses  through 
employment  of  variable  accessory  drives,  improved 
accessory  efficiencies  and  vehicle  aerodynamics, 

n . Engine  servi ce&t^t  1 tty  and  mai ntenancec 

12.  Alternative'  engine -candidates  -for  truck 
duty  cycles. 

The  extent  of  JPL's  participation  in  the  above  tasks  will  need 
to  be  scrutinized  as  to  their  specific  capabilities  as  well  as 
assigned  areas  of  responsibilities  within  the  ERDA  organization. 

Robert  A.  Mercure 
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POWERED  BY  CANDIDATE  POWER  SYSTEMS 
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California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  9110} 


RE:  34LPE-77-167-7 

June  29,  1977 


Mr.  Carl  E.  Burke,  Director 
Vehicle  Environmental  & 

Energy  Regulations 
American  Motors  Corporation 
14250  Plymouth  Road 
Detroit,  MI  48232 

Dear  Mr . Burke : 

Subject:  Your  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  appreciate  receiving  a copy  of  your  letter  to  Mr.  W.E.  Stoney  of  the  Office 
of  the  Secretary  of  Transportation  regarding  the  subject  report.  Our  heat 
engine  program  has  been  restructured  since  its  receipt.  The  highlights  of 
the  program  as  reoriented  are  summarized  in  the  enclosure. 

In  the  current  program,  the  earlier  performance  projections  that  were  of 
concern  to  you  are  being  extensively  reviewed.  Our  goal  is  to  refine  our 
predictive  ability  in  assessing  the  effects  of  substituting  alternate  engines. 

In  addition,  the  computer  simulation  we  used  to  generate  performance  data  has 
been  substantlallyrevised  and  refined,  and  documented  results  of  this  con- 
tinuing activity  will  become  available  in  the  Fall  of  1977. 

Of  major  importance  to  us  is  the  validation  of  pur  computer  simulation  program 
through  comparisons  with  experimental  data  obtained  from  the  automotive  industry. 
We  would  greatly  appreciate  any  assistance  in  this  validation  that  may  be 
available.  We  would  be  pleased  to  visit  American  Motors  at  an. early  date  to 
discuss  these  and  related  elements  of  the  study.  We  look  forward  to  hearing 
from  you. 


Automotive  Technology  Status  and 
Proj  actions 

HEC:cr 

Enclosure 


Telephone  354-4321 


Telex  675421 
7-2 
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American  Motors  Corporation 


1-42SO  Plymouth  Rood 
Detroit.  MichiQtin  48232 


October  6,  1975 


Mr.  W.  E.  Stoney 
Acting  Assistant  Secretary  for 
Systems  Development  and  Technology 
Interagency  Task  Force 

Office  of  the  Secretary  of  Transportation 
Washington,  D.C.  20590 

Dear  Mr.  Stoney: 

We  have  your  letter  to  our  F.  A.  Stewart  dated  September  26,  1975 
requesting  our  critique  of  the  recently  released  by  California 
Institute  of  Technology,  Jet  Propulsion  Laboratoryj  report 
"Should  We  Have  a New  Engine."  We  have  received  copies  of  this 
report  and  are  in  the  process  of  its  review. 

The  scope  of  this  report  is  of  such  magnitude  that  it  does  not 
lend  itself  to  a quick  superficial  critique,  therefore,  we  will 
not  be  in  position  to  submit  comment  by  October  15,  1975. 

Our  review  of  this  report  must  of  necessity  be  a long  term  process 
since  v/e  do  not  have  manpower  available  to  devote  full  time  to 
the  task.  In  reviev/ing  the  power  plant  costs,  tooling  costs  and 
lead  time  requirements  reported  we  are  at  a disadvantage  since 
we  lack  detailed  knov7ledge  of  the  designs  referred  to  or  the 
background  data  from  which  the  authors  drev7  their  -conclusions 
submitted  in  the  report. 

On  the  whole  it  appears  to  be  a thorough  study  and  of  good  reference 
value  for  all  segments  of  industry  and  government  involved  in  this 
matter. 

We  tend  to  feel  the  projections  in  some  areas  are  optimistic  and 
further  study  may  find  us  in  firm  disagreement.  We  believe  the 
Ford  Motor  Company  should  be  given  the  recognition  due  for  their 
investment  in  this  type  of  program  to  fund  a study  designed  to 
give  the  maximum  in  objectivity  that  can  be  achieved  in  this  area. 


Yours  truly. 


Carl  E.  Burke 
Director 

Vehicle  Environmental  and 
Energy  Regulations 


CEB/jrat 
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Critique  by 

Petro-Electric  Motors,  Ltd  . 
342  Madison  Avenue. 
New  York,  NY  10017 

and 

Response  by 

Jet  Propulsion  Laboratory 
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California  Institute  of  Technologf  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-7 7-178-8 

June  29,  1977 


Dr.  Victor  Wouk,  President 
Petro-Electric  Motors,  Ltd. 

342  Madison  Ave. 

New  York,  New  York  10017 

Dear  Dr.  Wouk: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  would  like  to  acknowledge  receipt  of  and  thank  you  for  your  numerous 
written  and  verbal  corranuni cations  on  the  subject  of  heat-engine/electric 
hybrids.  Subsequent  to  the  time  we  received  your  letter  of  April  21,  1976, 
our  automotive  technology  studies  were  restructured,  as  summarized  in  the 
enclosure,  and  a response  plan  developed  for  coping  with  the  many  critiques 
received. 

In  the  present  study  to  date  we  have  been  concerned  exclusively  with  heat 
engines  and  currently  there  are  no  approved  plans  for  extending  the  study 
efforts  beyond  heat  engines.  Should  such  go-ahead  be  received,  however, 
your  comments  and  data  will  be  available  for  reference  in  executing  work 
in  this  area.  The -key  points  of  your  critiques  have  been  well  delineated. 

As  Dr.  Stephenson's  letter  to  you  pointed  out,  we  feel  it  is  inappropriate 
to  attempt  piecemeal  changes  in  our  configuration,  analysis,  and  results 
without  considering  all  the  factors  (cost,  fuel  consumption,  emissions,  etc.) 
involved  in  our  study  methodology.  In  addition,  the  hybrid  vehicle  would 
have  to  be  configured  so  as  to  be  equivalent  to  the  baseline  Otto-engined 
car.  The  analysis  will  have  to  be  performed  in  a thorough  and  systematic 
fashion. 

We  acknowledge  with  thanks  receipt  of  the  hybrid  vehicle  cost  information 
which  you  enclosed-,  although  the  value  of  your  Appendix  H will  be  greatly 
enhanced  if  you  can  send  us  a copy  of  the  full  SAE  paper.  As  you  are  keenly 
aware,  the  cost/benefit  ratio  of  the  hybrid  automobile  will  be  a major  factor 
in  its  acceptance.  Thank  you  again  for  your  inputs. 


HEC:cr  H.E.  Cotrill,  Project  Manager 

Automotive  Technology  Status 
and  Projections 
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Cable  Address-,  wouka 


(212)  986-3173 
(212)  906-2873 

Ptmo-tifcimc  MonflS,  Lio. 

342  MADISON  AVENUE 
NEW  YORK,  NEW  YORK  10017 

September  23,  1975 

Dr.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  9H03 

Dear  Dr.  Stephenson; 

This  is  a follow  up  to  the  telephone  conversation  I had  on  September 
l6th  with  H.  C.  Vivian.  I appreciated  the  time  he  took  and  his  sympathy  to 
our  problem. 

At  the  outset,  I can  state  my  sympathy  to  the  fact  that  in  general, 
enthusiasm  for  hybrids  is,  alloyed.  Mine  is  vmalloyed.  The  negatives  are 
due  to  experience  with  hybrids,  highly  concentrated  in  the  Southern  Cali- 
fornia area,  around  1969-70.  Our  project  benefitted  from  the  inexperience 
of  both  those  who  built  hybrid  hardware,  and  those  who  did  hybrid  computer 
studies.  The  hardware  was  admittedly  elementary  in  approach  and  frequently 
unrefined,  and  the  theoretical  studies  did  not  take  into  accoxmt  all  possibilities. 

I am  hoping  that  as  a result  of  the  information  which  I am  briefly 
outlining  below,  you.will  further  detail5with  the  eventual  goal  of  an 

addendum  for  "Department  of  Greater  Amplification"  which  you  might  de- 
velop and  which  might  take  onus  off  our  project. 

Before  I go  into  details,  I will  repeat  that  I am  surprised  that  al- 
though Petro-Electric  is  referred  to  on  several  occasions  in  volume  2,  we 
were  not  communicated  with  when  the  material  was  going  into  final  form. 

I understand  from  Mr.  Vivian  that  he  tried  to  call  us  in  October  or  November 
of  1974,  when  our  project  was  far  from  finished  at  the  EPA  in  Ann  Arbor, 
and  final  evaluation  by  both  EPA  and  us  had  yet  to  be  done.  Ifwe  had  been 
called  during,  let  us  say,  March  of  this  yjear,  much  of  what  is  included  in 
volume  2 would  read  differently. 

By  far  the  most  telling  bit  of  information  is  that  the  report  used 
by  Mr.  Vivian  as  a basis  of  analyzing  our  vehicle,  reference  9-1 1 on  page 
9-19,  the  EPA  report  of.  January  1975,  report  75-14  was  withdrawn  . The 
report  was  withdrawn  because  it  was  circulated  before  we  had  an  opportunity 
to  read  it,  and,  when  we  did  read  it  in  February,  we  had  a list  of  75  challenges 
to  the  report. 


LOW  EMISSION  VEHICLES:  Battery  Powered;  Heat  Engine  / Battery  Hybrid  Systems 
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Without  going  into  the  emotionalism,  I can  state  that  the  report  had 
errors  of  fact,  errors  of  innuendo,  errors  of  improper  analogy,  and  rep- 
resented such  a strong  bias  against  hybrids  in  general,  and  our  particular 
project  in  particular,  that  the  author  of  the  report  -was  accused  by  his  super- 
visor of  having  approached  the  project  with  antipathy  to  our  hybrid,  and 
having  written  the  report  so  as  to  put  our  vehicle  in  the  most  unsati«!^^actory 
light,  independent  of  any  facts.  The  supervisor  went  so  far  as  to  say  (and 
we  nave  this  in  writing)  that  the  report  was  written  as  though  the  author 
wanted  to  prove  a preconceived  notion  that  the  Petr o -Electric  hybrid  was 
no  good. 


Therefore,  using  this  report  for  basis  of  your  conclusions,  with- 
out having  communicated  with  us  explains  some  of  the  problems,  and  I hope 
you  will  take  mat  into  consiueration.  I outline  them  only  briefly. 

1.  First  and  foremost  is  the  fact  that  our  vehicle  was  designed  for 
low  emissions.  As  part  of  the  Clean  Car  Incentive  Program  we  had  to  meet 
the  serious  requirements  on  page  9-4,  Table  9-2,  and  we  met  them.  The 
fuel  economy  requirements  did  not  exist,  and  ail  we  had  to  do  was  show 
potentiality  of  10  miles  per  gallon. 

We  took  two  serious  fuel  penalties,  one  known  and  one  unknown. 

The  known  one  was  a differential  ratio  of  5/1,  and  the  unknown  was  using  a 
Wankel  engine.  You  indicate  an  improvement  in  your  report  ot  14.  1 on  the 
urban  cycle  using  an  Otto  engine,  but  disregard  the  rear  end  ratio  which 
vou  knew  nothing  about.  Taking  a reasonable  40%  improvement  in  going  from 
5/1  to  2.8/1,  we  come  close  to  20  mpg. 

In  addition  to  the  above,  we  have  recorded  data  showing  that  during 
the  tests  the  fuel /air  ratio  was  much  higher  than  required  for  the  emissions 
that  we  achieved,  'ihe  thermal  reactor  exhaust  temperature  was  frequently 
above  1800°,  whereas  for  low  emissions  1550°  would  be  adequate.  The  EPA 
did  not  allow  us  to  make  any  adjustments  on  fuel/air  ratio  once  this  became 
apparent.  We  could  probably  go  up  a conservative  10%  with  proper  fuel/air 
ratio,  bringing  the  figure  up  to  22  mpg. 

There  are  other  fuel  economy  increasing  factors,  beside  the  recog- 
nized one  of  engine -off  mode,  which  start  to  give  us  a realistically  expected 
30  mpg  on  the  FDC. 
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2.  Emissions; 

This  vehicle  was  designed  to  meet  stringent  emission  requirements 
of  the  Federal  Clean  Car  Incentive  Program,  and  we  risked  $400,  000  of  our 
own  money  to  prove  that  we  can  do. it.  That  we  did  this  is  shown  both  in- 
9-2  and  Table  9-5  on  page  9-12.  I certainly  would  have  been  much  happier 
if  this  had  been  pointed  out,  a.ud  emphasized.  In  comparison  to  any  other 
vehicle  iisteU  on  Table  you  can  see  that  we  beat  everyone  hands  down 

in  experimental  data,  except  on  NOx.  We  did  not  have  to  meet  anything 
better  than  1.  0,  and  I assure  you  we  can  do  better  than  0.  8. 

If  the  HC  is  compared  to  the  GM  STIR-LiEC,  note  that  ours  was  on 
an  FDC,  whereas  theirs  was  30  mph  continuous.  When  we  are  tested  on 
continuous  speed  dynamometer  checks,  we  frequently  have  HC  below  back- 
ground, which  shows  up  as  negative  values.  This  means  that  if  we  drove 
our  car  around  Southern  California  at  constant  speed  on  the  highways,  we 
would  clean  up  the  air. 

I believe  that  when  you  know  more  about  what  we  did  with  emissions, 
you  will  be  willing  to  make  much  more  positive  statements  about  hybrids. 

3.  The  TRW  parallel  hybrid  system,  page  9-6,  when  used  as  a 
model  for  computer  calculations  will  of  necessity  give  pessimistic  results. 
From  Fig,  9-2,  ,(c),  the  planetary  differential  is  complex  and  costly,  and 
the  separation  of  functions  of  dc  generating  and  dc  motoring  are  complex. 

On  the  other  hand,  our  system,  which  is  inherently  quite  simple,  and  re- 
sembles Fig.  9-2  (b)  in  some  respects,  is  used.  It  is  most  similar  to 
Fig.  12  (h)  of  Volume  I,  but  is  even  simpler  because  there  is  no  controller 
between  the  storage  batteries  and  the  electric  dynomoter  armature.  There 
is  a very  small  controller  in  the  field,  something  which  is  mentioned  in  the 
report.  I believe  that  if  you  analy^d  ouc  system,  you  would  again  come  up 
with  results  much  more  favorable  to  hybrid’s. 

I am  enclosing  herewith  a copy  of  the  testimony  I presented  to  the 
EPA  in  January  of  this  year.  Slide  1 shows  the  emissions,  already  re- 
produced in  your  report.  Slide  2 shows  the  basic  block  diagram,  and  I can 
. state  that  there  are  no  high  power  semiconductors,  no  complicated  trans- 
mission, no  complex  electronics.  Four  transistors  i-n  paj?aliel  in  the  field 
of  the  dynamotor  control  the  mode  of  operation  from  generating  to  motoring, 
with  automatic  current  flow  back  and  forth.  A separate  enclosure,  page  10 
. from  our  report  #,9960  to  EPA,  shows  the  great  simplicity  of  our  system. 

The  simplicity  contributes  to  the  high  electrical  efficiency  and  potential 
excellent  fuel  economy. 
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4.  The  statement  in  9.  3.4,  page  9-15,  third  paragraph  that  the 
generator /alternator  must  operate  in  less  efficient  speed  power  regimes  for 
parallel  hybrids  is  qualitatively  correct,  but  the  quantitative  result  is  not 
necessarily  serious.  K the  efficiency  is  not  at  maximum,  but  the  power  being 
handled  is  light  power,  then  the  net  effect  on  efficiency  is  frequently  unimportant. 

5.  The  cost  figures  of  Table  9-7  based  on  the  TRW  design;  you  can 
see  from  the  TRW  configurations  and  from  our  configuration  this  is  of  necessity 
substantially  more  complicated.  We  have  made  cost  studies  which  we  will  be 
glad  to  send  to  you.  The  results  are  summarized  to  some  degree  in  the  testimony, 
page  11.  \V'e  recognize  increased  costs  in  slide  11  and  offsetting  cost  decreases 

in  slide  12.  The  simpler  emission  controls  are  far  from  negligible.  We  have 
assumed  on  page  12  an  $800.  00  penalty,  in  which  case  the  system  becomes 
cost  effective  over  the  venicle  life  with  60  cents  per  gallon  cost  of  gasoline, 
and  is  attractive  even  for  an  initial  buyer  at  $1.  00  per  gallon. 

6.  Off-board  energy  use. 

I believe  you  will  a^ee  that  a report  which  is  comprehensive  should 
consider  the  concept  of  us^%ff -board  energy  for  driving  the  vehicle,  rather 
than  depending  100%  on  liquid  fuel,  on  board.  Our  hybrid  allows  for  this,  and 
is  referred  to  briefly.  This  is  particularly  so  for  the  common  application  of 
vehicles  for  commuter  purposes,  100  miles  per  week.  The  mission  could  be 
. run  during  the  day  with  batteries  being  partially  depleted.  ^In  some  of  our  tests 
where  there  has  been  partial  battery  depletion  we  have  increased  fuel  economy 
as  much  as  50%. 


Finally,  as  a not  too  detailed  introduction  to  what  I hope  will  be  a much 
more  extensive  dialogue,  our  hybrid  can  be  mated  with  any  type  of  engine,  some- 
thing which  you  recognize.  If  the  Stirling  is  the  way  to  go,  then  our  hybrid  con- 
cept still  is  unmatched  in  removing  some  of  the  drive  energy  from  the  form  of 
on-board  liquid  fuel.  For  an  analysis  of  the  entire  automotive  problem  ex- 
tending for  several  decades,  this  concept  should  be  considered  seriously.  I 
hope  you  will  agree  with  me,  and  that  my  requested  modification  or  addendum 
is  not  out  of  the  question. 

Thank  you  again  for  your  concern. 


Very  truly  yours. 


MOTORS,  Ltd. 


Victor  Wouk 
President 


:mc 

:10522 

ends. 
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October  22,  1975 


Dr.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Rhoads: 

Thanks  for  taking  the  time  to  discuss  •with  me  on  October  20th  my 
proposition  that  a complete  analysis  of  an  optimum  system  for  fuel  econom/ 

Hi  automotive  power  applications  should  properly  consider  the  heat  engine/ 
battery  electric  hybrid.  The  hybrid  has  the  unique  ability  to  shift  some  of 
the  drive  energy  from  limited  resource  liquia  petroleum  carried  on-board, 
to  less  limited  off-board  energy  sources  in  the  form  of  electricity  derived 
from  coal,  nuclear  power,  etc. 

Because  it  is  so  important  that  we  concentrate  on  this  specific 
point,  I am  refraining  from  sending  the  revised  KPA  analvsis  of  our  hybrid 
as  I said  I wouru  uo.  This  is  done  deliberately  to  empnasize  me  fact  that  my 
thesis  at  present  is  confined  to  what  I feel  cannot  be  challenged  technically, 
the  shift  of  some  of  the  drive  energy  from  on-board  liquid  petroleum  to  off- 
board  electricity. 

If  we  get  involved  in  the  question  of  overall  efficiency,  relative  merits 
of  one  hybrid  versus  the  other,  the  economics  of  hybrids,  we  get  into  emotion- 
alism. Naturally,  everyone  thinks  that  his  particular  approach  to  an  efficient 
engine  or  drive  system  is  the  best  in  the  world,  I can  sympathize  with  your 
problem  of  having  been  inundated  by  those  who  feel  they  have  been  given  short 
shrift  in  your  report, 

I therefore  will  concentrate  on  the  one  point  which  I presented  recently 
to  the  FEA,  and  I am  enclosing  herewith  excerpts  from  my  presentation  to  them. 
To  simplify  some  of  your  reference  problems,  I include  material  with  which 
you  may  be  familiar.  The  first  chart  is  of  automobile  usage  by  trip  length, 
the  second,  the  automobile  usage  by  daily  mileage.  The  second  chart  is  the 
basis  for  my  subsequent  analysis  , which  I request  you  consider  seriously.  If 
I am  wrong,  I will  quit.  If  I am  right,  I believe  a statement  to  this  effect  should 
be  forthcoming  irom  jjt'L.  I hope  you  will  make  it  at  the  ERDA  meeting  in  Ann 
Arbor  on  November  17th. 


LOW  EMISSION  VEHICLES:  Battery  Pawered;  Heat  Engine  / Battery  Hybrid  Systems 
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The  color  xerox  is  an  analysis  of  a hypothetical  10  miles  trip.  One 
can  argue  back  and  forth  as  to  how  realistic  the  trip  is,  but  I will  be  surprised 
if  you  disagree  with  my  contention  that  this  particular  drive  mission  is  as 
good  as  any  for  the  subsequent  analysis. 

The  first  set  of  tables  analyses  what  I refer  to  as  a "present  pro- 
duction car",  and  I show  the  increase  in  mpg  of  64%, driving  a portion  as 
all-electric  and  portions  with  different  degrees  of  electrical  assist.  The 
batteries  are  depleted  less  than  20%  before  recharge. 

I might  interpolate  here  that  I agree  wholeheartedly  that  if  for 
every  gallon  of  gasoline  saved  in  this  mode  we  burned  5 times  as  many  btu 
in  coal,  then  my  reasoning  is,  although  technically  accurate,  grossly  improper 
from  an  overall  energy  point  of  view.  However,  I believe  you  will  find  that, 
per  my  annotated  paper  herewith  "Electricity  as  a 'Fuel'  for  Autmobiles",  the 
difference  cannot  be  serious.  Therefore,  the  saving  of  the  more  limited  re- 
source, petroleum,  is  to  be  considered  seriously. 

One  of  the  arguments  I always  get  when  I present  these  figures  is 
to  the  effect  that  future  Detroit  production  is  going  to  be  of  smaller  cars  with 
higher  miles  per  gallon,  and  therefore  "who  needs  your  hybrid?  ".  I have  to 
point  out  to  them  that  no  matter  what  engine  is  developed,  Stirling,  Brayton, 
Diesel,  our  hybrid,  taking  advantage  of  the  actual  vehicle  usage  (and  this 
means  5u7o  of  the  cars  in  the  country)  will  have  their  gasoline  consumption 
decreasea  by  our  technique.  Hence  the  second  set  of  tables  which  takes  a 
27.  3 mpg  figure  on  the  drive  mission  and  raises  it  to  46.  2. 

I am  aware  that  many  minor  points  can  be  brought  up  with  regard  ^ 
to  this  presentation,  but  the  basic  concept  is  still  not  vitiated. 

The  last  table  shows  the  spectacular  figure  with  regard  to  the 
"second  car".  Here,  with  10  miles  per  day,  and  the  very  attractive  29.4  mpg 
for  the  future,  "bantam  weight"  Detroit  production  car,  we  get  over  66  mpg. 

As  you  properly  pointed  out,  our  vehicle  can  be  considered  a "hybrid 
hybrid".  This  is  exactly  how  I referred  to  our  hybrid  when  I was  first  ex- 
plaining it  to  the  EPA  in  1970.  It  is  not  a "series  hybrid"  in  accordance  with 
the  well  known  terminology,  and  it  certainly  is  not  a "parallel  hybrid"  of  the 
type  that  TRW  had  been  experimenting  with  during  that  period.  Since  the  EPA 
people  wanted  to  know  which  classification  the  hybrid  fell  in,  and  they  did  not 
like  "parallel  hybrid"  because  they  could  see  nothing  in  the  block  diagram 
-that  is  in  parallel  with  anything  else,  I called  it  the  "hybrid  hybrid"  and  they 
were  happy. 
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I am  also  enclosing  a copy  of  a bro<~>m describing  our  vehicle, 
and  a photograph  of  the  vehicle.  It  may  still  be  in  the  Detroit  area  when 
you  deliver  your  talk  at  the  ERDA  meeting.  If  so,  I will  welcome  the 
opportunity  to  demonstrate  it  to  you. 


I look  forward  to  hearing  from  you. 


:mc 

10568 

ends. 


Very  truly  yours. 
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‘'■WHY  ACTUAL  EXPERIENCE  IS  USUALLY 
LESS, THAN  EPA  RATINGS: 


(1)  ENGINE  CONDITIONS 

(2)  TERRAIN 

(3)  WEATHER 

(4)  DRIVING  HABITS 
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PRESENT  PRODUCTION  CARS 


Drive 

portion 

1 


2 


3 


4 


O' 


CO 

*CD 

cn 


POTENTIAL  REDUCTION  OF  GASOLINE  CONSUMPTION  WITH  HYBRID ;COMMUTER  APPLICATION. 

100  MILES  PER  WEEK 

Part  of  mission  all-electric,  balance  with  less  than  20%  battery  depletion. 


Function 

Conventional  Car 
Distance  EPA  Actual 

miles  mpg  sPipg 

Gallons 

used 

% ■ 
gas 

As  Hybrid 
% 

electric 

Gallons  used 

Garage  to  feeder  road, 
on  local  residential 
streets:  startup,  engine 
warmup;  stop-go 
traffic 

1/2 

20 

10 

0.050 

0 

100 

. 0 

feeder  to  highway; 
further  warmup 
stop-go  traffic 

1 

20 

15 

0.  067  ■ 

50 

50 

0.  033 

on  highway,  warmed 
up;  cruise,  acceler- 
ation, deceleration, 
road  undulations 

7 1/2 

30 

25 

0.  300 

75 

25 

0.  225 

feeder  to  work  , local 
commercial  street; 
stop-go  traffic 

1 

20 

15 

0.  067 

50 

50 

0.  033 

TOTALS: 

10 

0.484 

0.  291 

MPG  = __1P = 20.  7 MPG  = = 34.  i 

0.484  0.291 


Ratio 


34.  1 


20.7 


= 1.  64;  64%  increase  in  mpg 
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FUTURE  HIGH  MPG  PRODUCTION  CARS 

POTENTIAL  REDUCTION  OF  GASOLINE  CONSUMPTION  WITH  HYBRID;  COMMUTER  APPLICATION. 

100  MILES  PER  WEEK  ^ , 

. - . „ . Part  of  mission  all-electric,'  balance  wiA  less  than  20%  battery  depletion 


Drive 
' portion 

Conventional  Car 
Distance  EPA  Actual 

miles  mpg  mpg 

Gallons 

used 

% 

As  Hybrid 
% 

electric 

Gallons  used 

1.,  ' 

1/2 

24 

12 

0.0415 

0 

100 

0 

; 2; 

' 'f  ' ■ 

24  • 

18  ^ 

0.  0556 

50 

50' 

0.0278. 

7 1/2 

42 

35 

0.  2140 

75 

25 

0.  1605 

' ■.  4 ■ ‘n 

- 1 

24 

18 

0.  0556 

50 

50 

0.  0278 

TOTALS;  ' 

i , 

10 

. 

- ■ , , 

0.  3667 

0.  2161 

MPG  = 

10 

= 27.  3 

X/TPf;  - 10 

= 46.  2 

0, 3667 

0.2161 

Ratio 

_ 46.2 
• 27.3 

1.69; 

69%  increase 

in  mpg 
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FUTURE  PRODUCTION  CARS 

POTENTIAL  REDUCTION  OF  GASOLINE  CONSUMPTION  WITH  HYBRID;  SECOND  CAR  APPLICATION; 

50  MILES  PER  WEEK 

Part  of  mission  all-electric,  balance  with  less  than  20%  battery  depletion  . * 


Conventional  Car 

1 

As  Hybrid 

Drive 

Function 

Distance 

EPA 

Actual 

1 

Gallons 

% 

% 

Dortion 

miles 

mpg 

..  mpg 

used 

gas 

electric 

Gallons  used 

1 

Garage  to  local 

1/2 

35 

25 

0.  02 

0 

100 

0 

residential  streets: 
startup,  engine 
warmup;  stop-go 
traffic 

1 

i 

2 

V. 

Shoppjjig  and  other 
secondary  uses  ; 
return  to  home 

4 1/2 

35 

30 

0. 150 

50 

i 

i . _ 

50 

0.075 

TOTALS: 

5 

6 

0.  17 

1 

0.075 

MPG  = =29.4  MPG  = _5 =66.67 

w 0.  17  0.075 

CD 

Cn  /:  7 

Ratio  = — : =2.27;  127%  increase  in  mpg 

(naore  than  double) 
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HEAT  ENGINE  / BATTERY  ELECTRIC 
HYBRID  VEHICLE 


Designed;  Produced  and  Tested 
under  the  EPA/ERDA  - AAPS 
Federal  Clean  Car  Incentive  Program 


May,  1975 
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INTRODUCTION 


This  Prototype  Hybrid  Vehicle  was  developed  with  private  funds  under  an  EPA/AAPS 
Test  and  Evaluation  Contract  68-0004-0008.  This  Prototype  is  part  of  the  Federal  Clean 
Car  Incentive  Program  which  hasy  as  its  objective,  the  financial  incentive  stimulation 
of  private  industry  to  undertake  their  own  research  for  development  of  commercially  ac- 
ceptable low  pollution  passenger  vehicles. 

This  FCCIP  Program  was,  when  AAPS  was  a Division  of  EPA,  a concurrent  Program  to  the 
Advanced  Automotive  Power  Systems'  Research  and  Development  Programs  on  Steam, 
Turbine  and  Fuels  . - 


CCNTENTS 

This  Prototype  Vehicle  consists  of  the  following: 

o Basic  1972  Buick  Skylark  Body,  Chassis,  Suspension  System 
o A Toyo  Kogyo  RX-2  (1972)  Rotary  Wankel  Engine 

o A 15hp  Electric  Motor 

o Gould  12V  Automotive  Batteries 

o Electronic  Controls 


BRIEF  THECRY  CF  CPERATICN 

The  Petro -Electric  Hybrid  Power  Train  consists  of: 
o a small  internal  combustion  engine 

o a dc  motor,  operating  from  a bank  of  batteries,  to  augment 
the  acceleration  power  of  the  internal  combustion  engine 

The  gasoline  engine  and  electric  motor  are  mechanically  coupled  to  rotate  at  the  same 
speed  and  drive  the  vehicle  through  a conventional  transmission. 

The  accelerator  pedal  operates  electronic  controls  that  cause  the  motor  to  act  either  as 
a generator  or  a motor,  depending  on  the  speed  of  the' vehicle  and  the  accelerator  pedal 
position.  The  accelerator  pedal  does  not  operate  the  engine  throttle,  except  under  very 
high  power  demand  conditions . 

The  emission  control  is  based  oh  the  use  of  a thermal  reactor  and  EGR. 
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RESULTS  TO  PATE 

As  part  of  the  FCGIP  Program,  this  Prototype  Vehicle  was  extensively  tested  by  the 
Emission  Control  Technology  Division  of  EPA.  The  results  were  as  follows; 


o Emissions: 


1975 

FCCIP 

Avg . 

Better 

Better 

Federal 

Goals 

of 

than 

than 

Stds  . 

(gpm) 

Tests 

Goals 

'75  Stds 

HC 

1.5 

0.41 

0.38 

12% 

76% 

CO 

15.0 

3.40 

2.41 

33% 

83% 

NOx 

3.1 

1.00 

0.76 

23% 

75% 

o 

Startup : 

1/2  - 2 seconds 

o 

Acceleration? 

16  seconds 

0-60  w,  4,950  lb. 
gross  weighr 

o 

Top  bpeea; 

over  80  mph 

o 

Range:  - . 

over  200  miles,  at  60  mph 

o 

Reliability: 

no  component  failure  during  11,000  miles 
of  operation 

o 

Passengers: 

5-6 

o 

Weight; 

Drive  Train^ 

Approximately  1,000  lbs  with  batteries 

Curb 

lOU  lbs , 

o 

Fuel: 

Standard  gasoline 

o 

Noise: 

78  dba 

POTENTIAL  RESULTS/BENEFITS  OF  HYBRID  CONCEPT 

The  various  reascnsfor  anticipating  improved  fuel  consumption  are: 

o The  ability  to  use  a smaller  engine  while  maintaining 
an  adequate  performance  level 
o Recovery  of  some  of  the  braking  energy 
o Easier  implementation  of  such  fuel  saving  techniques 
as  automatic  idle  shut-off,  and  use  of  lower  gear 
ratio  during  cruise 

o The  ability  to  use  constant  speed  accessories 
o Energy  conservation  of  scarce  material  resources 
6 Implementation  of  the  general  national  mandate  conern- 
ing  alternative  automotive  developments . 
o Transitional  to  all-electric 
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SUMMARY  OF  FACTS 


High  mileage  per  gallon;  projections  of  over  20mpg  for  a full  size  car 
No  catalysts  needed;  uses  thermal  reactor 

Hybrid  concept  applicable  to  any  size  car  from  subcorapact  to  luxury 

Can  run  as  an  all-electric,  using  no  gasoline  for  short  trips 

Can  be  produced  in  quantity 

Prices  comparable  to  Detroit's  projections 

Practical  for  both  city  and  highway  driving 

Smooth,  stall-free  operation  in  stop-and-go  traffic 

Immediate  startup  in  coldest  weather 

Batteries  automatically  recharged 

Taxis , delivery  vans , and  buses  cheaper  to  own  and  use  than  conventional 
vehicles 

Patented  r-ombination  of  electrical  motor  with  gasoline  engine 
Driver  controls  laeiuical  to  conventional  vehicle 


NOTES 


Further  Details  can  be  obtained  from: 

PETRO-ELECTRIC  MOTORS,  LTD. 
342  Madison  Avenue 
New  York,  New  York,  10017 
(212)  986-3173 


5/6-8/75 
10  2.58 
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"ELECTRICITY  AS  A 'FUEL*  FOR  AUTOMOBILES" 


by 

Dr.  Victor  Wouk 
Petro-Electric  Motors,  Ltd. 
New  York,  New  York  10017 


Presented  at  the 

International  Conference  of  Automobile  Pollution 
ROYAL  YORK  HOTEL 
Toronto,  Canada 

June  27,  1972 


3.4.  55 

June  23,  1972 
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"ELECTRICITY  AS  A 'FUEL' 
FOR  AUTOMOBILES" 

by 


Dr.  Victor  Wouk 


INTRODUCTION 


This  paper  could  be  short  and  sweet,  or  long  and  bitter.  I prefer  to  make  it  short 
and  sweet,  but  it  should  be  long  and  bitter,  because  there  are  people  who  object  to 
electric  automobiles!  Therefore  this  will  be  of  moderate  length,  hopefully  pleasant 
to  all. 

The  main  objective  of  this  paper  is  to  refute  objections  raised  against  electric  auto- 
mobiles as  a solution  to  vehicular  air  pollution.  A secondary  objective  will  be  to  in- 
dicate how  we  can  expect  electric  vehicles  to  be  a solution  not  only  to  automobile  air 
and  noise  pollution  problems,  but  also  a solution  to  the  depletion  of  fossil  fuels' 
supplies. 


THE  ELECTRIC  VEHICLE;  (Nice  things  about  them). 

An  electric  automobile  has  no  noxious  emissions  due  to  its  on-board  drive  system. 

[l  disregard  the  microscopic  effects  of  "rubber  pollution"  from  tires,  and  "^estos 
pollution"  from  brake  linings.  Even  the  latter  is  reduced  by  regenerative  braking 
(1)  in  electric  vehicles.] 

If  one  stands  beside  an  electric  vehicle  that  is  "idling,  " one  hears  no  loud  noises 
and  smells  no  exhaust  smells,  etc.  , from  the  electric  car.  At  present,  gear 
shifting  maybe  employed  for  certain  electric  vehicles  (2).  If  this  is  the  case,  then 
the  vehicle  is  not  completely  silent  during  "idling,  " and  some  energy  is  being  drawn 
from  the  batteries.  However,  it  is  true  that  during  "idling"  of  an  electric  veliicle 
there  is  no  noxious  exhaust,  as.  is  characteristic  of  an  idling  internal  combustion 
engine  vehicle  (ICE).  The 'noise  from  any  properly  designed  electric  vehicle  is  lower 
than  its  ICE  counterpart. 

ELECTRIC  VEHICLES;  (Objections  to  them,  valid  or  not) 

Objections  to  electric  vehicles  include  the  following; 

1.  Generation  of  Ozone;  I will  not  dignify  this  objection  to  electric  vehicles  by 
a reference  note.  (Also,  I must  confess  I do  not  remember  where  this  objection 
appeare^d  in  print).  Someone  stated  that  ozone  generated  by  contactors  opening  and 
closing  frequently  to  control  the  vehicle  speed,  would  present  a health  hazard.  This 
objection  is  unadulterated  engineering  nonsense. 

In  a modern  electric  vehicle,  speed  is  controlled  not  by  contactors,  but  by  semicon- 
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ductor  devices.  Hence,  there  is  ozone  generated  only  when  the  vehicle,  tinder  cer- 
to.in  very  untisual  circumstances,  is  brought  to  a stop,  and  the  main  contactor  is  open- 
ed under  load.  The  amount  of  ozone  generated  is  so  small  that  it  would  be  immeas- 
urable on  a Los  Angelos  "Freeway,  " wlierc  traffic  is  moving  bumper -to -bumper.  The 
ozone  from  dc  motor  commutator  brush  arcing  is  similarly  negligible.  But  the  smog- 
generating  ozone  from  ICE  fumes  is  far  from  negligible. 

2.  SuBurJe  Acid  Fumes;  Another  objection  is  that  batteries  emit  sulfuric  acid 
fumes.  The  quantitative  aspects  of  .this  statement  are  so  ridiculous  as  to  warrant  no 
response.  But  let  us  swallow  our  professional  pride,  and  reply.  Fumes  may  be  re- 
leased during  battery  recharging.  These  furnes'  are  in  general  negligible,  and  are 
normally  developed  in  a controlled  atmosphere,  readily  dissipated  in_a  harmless 
manner. 

Further,  as  predicted  in  1967  (1),  sealed  batteries  may  be  developed  for  electi'ic  cars. 
A recent  article  by  Salihi  (3)  implies  that  such  batteries  may  soon  be  a commerical 
reality. 

Therefore,  no  matter  now  hard  one  tries,  one  cannot  make  a convincing  case  that  an 
electric  vehicle  itself  emits  any  type  of  noxious  gas,  mist,  fine  powder,  or  what-have- 
you. 

Let's  go  to  another  objection: 

3.  Enormous  electrical  power  generation  capacity  required  to  supply  power  to  elec- 

tric  vehicles;  This  is  worthy  of  serious  consideration.  An  article  appeared  in 

early  .1967  by  David  Ash-,  an  internationally  recognized  expert  on  automobile  perfor- 
mance, being  optimistic  about  electric  automobiles  in  the  not-too-distant  future  (4). 

In  a rebuttal  two  weeks  later  (5)  some  one  wrote  in  essence  the  following; 

"Don't  those  stupid  electrical  engineers,  who  are  enthusiastic 
about  electric  cars,  know  that  if  alXveliicles  were  converted 
to  electric  vehicles  overnight,  the  electrical  power  generating 
capacity  in  the  United  States  would  have  to  multiplied  100  fold?  " 

Since,  as  we  are  aware,  engineers  of  all  types  have  been  guilty  of  some  major  boo- 
boos  (viz.,  the  Tacoma  Bridge,  "Galloping  Gertie",  ca.  1941,  the  Great  Blackout  of 
9 November  1965)  this  type  of  quantitative  criticism  warrants  quantitative  examination. 

In  Appendix  A it  is  sho.wn  how,  if  all  vehicles  were  turned  into  electric  vehicles  over- 
night, the  amount  of  electrical  power  generating  capacity  in  the  United  State  would 
have  to  double,  not  be  multiplied  100  times.  Admittedly  even  a doubling  would  be  a 
serious  problem.  However,  vehicles  v/ould  not  multiply  overnight.  Their  growth 
would  be  over  a period  of  decades.  Salihi  (3)  has  analyzed  the  problem,  and  has  shown 
that  the  impact  of  electric  vehicles  is  small,  in  comparison  with  other,  electric  power 
growth  demands.  Fig.  1,  reproduced  from  (3),  shows  that  the  additional  power  re- 
quirements due  to  electric  vehicles  vail  be,  by  year  2000,  only  10%  of  the  total  elec- 
trical power  generating  capacity  in  the  USA. 
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4.  Pollution  Jrom  Electric  Power  Generating  Stations;  Another  possible  objec- 

tion to  electric  veMcles  is  that  electric  power  generating  stations  that  burn  fossil 
fuels,  produce  noxious  emissions  from  their  smokestacks.  Hydro-electric  generating 
stations  often  offend  ecologists.  Nuclear  power  generating  stations  tend  to  send  other- 
wise reasonable  people  into  paroxyms  of  fear  about  radiation,  explosions,  spills  on 
highways,  etc. 

What  are  the  QUANTITATIVE  facts? 

Much  to  the  amazement  of  the  proponents  of  electric  cars,  calculations  have  been  made 
that  purport  to  prove  that  electric  cars  are  MORE  polluting  than  ICE's  (6)! 

In  the  xDaper  by  Dr.  Agarwal,  (and  Dr.  Agarwal  is  an  honorable  man),  he  calculates 
that  due  to  the  inefficiencies  involved  in  the  train  of: 

(a)  burning  fuel  to  generate  electric  power  in  a power  station, 

(b)  transmission  to  a load  center, 

(c)  distribution  to  an  automobile, 

(d)  charging  a battery, 

(e)  discharging  the  battery  and  supplying  power  to  the  wheels, 

the  net  inefficiency  of  the  (a  - e)  sequence  is  such  that  the  total  pollutants  emitted  at 
the  power  stations’  smokestacks,  to  generate  the  energy  required  to  drive  the  "elec- 
trics", is  much  greater  than  the  pollutants  that  would  be  emitted  from  ICE  automobiles. 

The  balance  of  this  paper  is  devoted  mainly  to  analyzing  the  qualitative  and  quantitative 
errors  in  Dr.  Agarwal’ s thesis,  and  to  reinforce  the  intuative  conclusion  that  eventually 
one  must  look  to  electric  power  for  individual  ground  transportation.  Further,  in 
Appendix  C it  is  shown  that_even  if  Dr.  Agarwal' s conclusions  were  correct  (they  art 
not),  it  is  feasible  to  control  the  effluents  of  1 dozen  smokestacks  in  a metropolis, 
whereas  it  is  NOT  possible  to  control  1 million  car  tail  pipes. 

One  feels  intuitively,  instinctively,  or  one  might  say,  by  experience,  that  electric 
vehicles  are  less  polluting  than  internal  combustion  engine  vehicles.  For  example,  on 
a very  snowy  day  in  New  York  City,  where  the  snow  is  so  deep  that  vehicular  traffic  is 
virtually  non-existent,  experience  indicates  that  the  air  is  clear  and  fresh.  Consolidated 
Edison  is  burning  fuel  at  a merry  rate  to  provide  the  requirements  of  our  electricity- 
oriented  civilization.  Yet,  despite  this  fact,  the  air  is  clean  and  breatheable.  Now, 
let  a bus  or  truck  lumber  by,  and  one  gets  a noticeable  wliiff  of  rmpleasant  emissions. 

J 

Consider  another  extreme.  A clear,  beautiftil  s|)ring  day,  the  sun  shining  brightly,  the 
wind  scarcely  stirring,  and-  street  traffic  is  at  a maximum.  It  does  not  reqmre  much 
imagination  to  reproduce  mentally  the  miasma  of  odors  in  which  one  will  be  steeped  at 
a typical  corner,  such  as  42nd  Street  and  Madison  Avenue.  Buses  will  be  belching 
their  diesel  fumes.  Taxis  will  be  emitting  not  only  the  racous  npises  of  the  horns,  and 
the  penetrating  epithets  of  the  taxi  drivers,  but  an  overwhelming  amount  of  noxious 
emissions,  from  the  idling  engines  of  the  bumper -to -bumper  traffic. 
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I could  make  the  picture  even  more  vivid  by  throwing  in  the  characteristics  of  delivery 
vans  and  monstrous  trucks,  with  their  ear -shattering  din,  when  they  rev-up,  after  the 
traffic  light  changes  to  greeru  However,  this  would  be  ‘'over-kill". 

With  the  above  experiences  so  widespread,  how  can  anyone  conclude  that  electric 
vehicles  would  be  more  polluting  than  internal  combustion  engine  vehicles  ? 

According  to  Smith  (7),  this  is  a plot  by  the  automobile  and  the  petroleum  industries 
to  discredit  electric  vehicles.  I do  not  accept  this  hypothesis.  I assume  that  the 
critics  are  sincere. 

Hence,  we  must  conclude  that  there  was  a serious  basic  error  in  the  presentation  (6), 
and  upon  analysis  tliis  proves  to  have  been  the  case. 

Although  the  total  emissions  into  the  atmosphere  from  systems  that  produce  energy 
for  electrically  driven  vehicles  might  be  of  the  same  magnitude  as  emissions  into  the 
atmosphere  from  internal  combustion  engine  vehicles,  (a  fine  philosophical  point, 
see  appendix  B),  to  paraphrase  a popular  commercial  for  a device  that  pollutes  air 
very  locally,  i.  e. , a cigarette,  "It's  down  where  the  people  breathe  the  stuff  that 
counts.  " 

Automobiles  emit  their  noxious  fumes  at  ground  level,  where  the  human  being  can 
inhale  the  pollutants. 

Fuel-burning  electric  power  generating  plants  emit  their  emissions  at  a high  level 
above  the  ground. 

By  the  time  the  emissions  from  smokestacks  reach  ground  level,  there  has  been  an 
enormous  dilution  of  the  noxious  gases, 

A study  (8)  that  included  a realistic  appraisal  of  the  effects  of  dispersion  from  a high 
level  smokestack,  and  which  took  into  account  the  fact  that  there  is  also  some  disper- 
sion from  the  highly  concentrated  noxious  fumes  of  a tail  pipe  of  an  automobile,  pro- 
duced the  following  startling  results: 

I 

The  gasoline  powered  motor  vehicle  (GMV)  overall  system 
produces  approximately  100  times  as  many  noxious  emissions 
of  all  types,  than  does  the  overall  system  for  powering  electric 
motor  vehicles  (EMV).  This  factor  of  100  is  at  ground  level, 
where  the  noxious  emissions  can  be  inhaled. 

The  Mencher-Ellis^  (8)  recognizes  that  one  must  analyze  the  entire  complex  of  pro- 
duction of  motive  energy,  beginning  with  removal  of  the  fossil  fuel  from  the  ground, 
and  processing  and  distributing  it  for  final  use,  in  the  case  of  a gasoline  powered 
motor  vehicle.  Then,  one  must  also  compare  the  entire  impact  on  the  environment  for 
obtaining  tlie  fuel  for  a stationary  electrical  power  generating  plant,  processing  it, 
using  it  to  generate  power,  transmitting  the  power  to  the  vehicles,  etc. 

Fig.  2 shows  the  major  elements  of  the  energy  supply  to,  and  use  by,  the  GMV  and  the 
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EMV,  that  have  impacts  on  the  environment.  These  include: 

Drilling  for  crude  oil. 

Transportation  of  the  crude  oil. 

Refining  of  the  crude  oil,  and  preparing  it  for  gasoline. 

Preparation  and  distribution  of  fuels  to  provide  the  process 
energy  requirements  of  oil  refineries  for  gasoline  production. 
Distribution  and  storage  of  gasoline  at  gas  stations. 

Operation  of  gasoline  motor  vehicles. 

In  each  of  tliese  steps,  there  is  energy  required,  which  normally  involves  either  use 
of  electricity,  or  burning  of  fuels,  and/or  an  impact  on  the  environment  due  to 
hydrocarbon  evaporation,  spillage  of  hydrocarbons  into  waterways,  etc. 

The  electrical  system  has  a similar,  but  less  extensive  an  impact.  It  includes: 

Drilling,  transport  and  refining  of  coal,  oil,  natural  gas  and 
urani\am,  as  fuels  for  power  generation. 

Electric  power  generation  and  transmission  .. 

Operation  of  the  EMV, 

The  report  by  Mencher  and  Ellis  is  elaborate  and  is  referenced  in  detail.  Therefore, 
only  the  major  results  are  discussed  here. 

Table  I shows  the  comparative  environmental  impact  in  1980  of  gasoline  powered 
motor  vehicles  versus  electric  powered  motor  vehicles.  It  can  be  seen  that,  super- 
ficially studied,  the  apparent  advantages,  it  any,  of  EMV  versus  the  GMV  for  total 
emissions  seems  to  be  small. 

Thus,  in  total  particulates,  the  EMV  has  more  than  twice  the 
yearly  emissions  than  the  GMV,  smokestacks  versus  tail  pipes. 

In  respirable  particulates,  the  EMV  is  30%  better  than  the  GMV. 

In  BaP,  the  EMV  seems  to  be  20  times  as ‘good  as  the  GMV. 

In  sulfur  dioxide,  the  EMV  is  4 times  as  bad  as  the  GMV. 

In  nitrous  oxide  the  GMV  is  50%  worse  than  the  EMV. 

The  two  very  obvious  advantages  of  the  EMV  are  in'carbon  monoxide  and  hydrocarbons, 
v/here  the  GMV  is  100  times  and  40  times  as  bad  respectively  than  its  electrically 
driven  counterpart. 

Both  systems  produce  approximately  the  same  amount  of  carbon  dioxide,  and  the  same 
amount  of  total  waste  heat.  This  is  understandable,  in  light  of  the  philosophy  of 
Appendix  B. 

Noise  pollution  from  the  GMV  is  significantly  greater  than  EMV.  Oil  spillage  into 
waterways  is  5 times  as  bad  for  the  GMV. 

However,  this  is  not  the  whole  story.  The  figures  of  Table  I are  for  the  total  emissions 
into  the  atmosphere.  What  about  the  emissions  down  at  ground  level  where  people 
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breathe?  Fig.  3 shov/s  the  basic  technique  for  analyzing  the  ground  level  concentration 
due  to  a given  source  of  emissions  with  known  parameters  that  affect  vertical  con- 
centration distributions. 

An  analysis  is  made  in  (8)  for  the  dispersion  of  emissions  from  vehicles  (assumed  to 
be  on  a four-lane  highway)  at  a receptor  some  reasonable  distance  away  from  the  high- 
way. Thus,  it  is  not  assumed  in  the  Mencher-Ellis  analysis  that  one  is  standing  next 
to  a line  of  vehicles  that  are  whipping  by  and  belching  noxious  fumes  right  into  the 
victim's  face. 

When  all  of  these  factors  are  taken  into  consideration,  the  startling  data  of  Table  II 
are  developed. 

Examining  this,  we  see  that  down  at  grotind  level,  the  total  particulates  emitted  for 
EMV  impact  had  been  reduced  by  a factor  of  100,  as  are  all  other  factors.  The  re- 
duction for  the  GMV  is  also  included,  but  the  ground  level  reductions  of  Table  II 
vis-a-vis  Table  I are  scarcely  of  the  order  of  1/100,  for  the  GMV,  as  is  the  case  for 
the  EMV. 

Therefore,  whereas  originally  in  Table  I the  EMV  was  poorer  than  the  GMV  in  total 
particulates,  where  it  comes  to  ground  level  emissions'  equivalents,  on  total  particu- 
lates the  GMV  is  now  20  times  as  bad  as  the  EMV. 

On  respirable  particulates,  the  GMV  is  100  times  as  poor  as 
the  EMV. 

With  respect  to  BaP,  the  GMV  is  about  2,  000  times  as  bad  as 
the  EMV. 

On  sulfhr  dioxide,  the  GMV  is  10  times  as  bad  as  the  EMV. 

On  nitrogen  oxide,  the  GMV  is  100  times  as  bad. 

On  carbon  monoxide,  the  difference  is  more  than  a factor  of 
1,  000,  as  the  case  for  hydrocarbons. 

The  data  in  Table  II  confirms  the  empirical  experience  of  most  human  beings  in  con- 
gested urban  areas,  to  wit: 

At  ground  level  the  effects  from  internal  combustion  engine 
vehicles  are,  in  general,  much  worse  than  the  effects  from 
electric  power  generating  stations. 

The  above  data  lay  to  rest  once  for  all  the  objections  that  the  electric  vehicle  require 
electric  energy  generation  which  will  result  in  emissions  at  least  as  bad'as  those  of 
internal  combustion  engine  vehicles. 

As  a final  note  with  respect  to  the  Mencher-Ellis  analysis,  the  following  two  points 
should  be  made: 


1.  These  projections  are  for  the  estimated  number  of  vehicles 
in  1980,  namely,  142,  300,  000  motor  vehicles. 
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2.  It  is  also  assumed  that  internal  combustion  engine  vehicles, 
and  electrical  power  generating  stations,  will  be  cleaned 
up  in  accordance  with  Federal  and  Local  law  reqmrements. 
{See  Appendix  C for  further  discussion  of  this.  ) 
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FUEL  AVAILABILITY  . 

Both  the  popular  and  technical  literature  abound  with  dire  predictions  of  an  imminent 
shortage  of  fossil  fuels,  i.  e.  , petroleum,  natural  gas  and  coal. 

The  literature  abotinds  equally  with  popular  and  learned  analysis  that  shows  that  more 
sources  of  these  fossil  fuels  continue  to  be  found.  Further,  extremely  extensive 
sources  such  as  the  shale  oils  of  the  Rockies  have  -abundant  oil  reserves,  the  extrac- 
tion of  which  is  basically  a matter  of  relative  economics.  This  also  applies  to  con- 
verting coal  into  petroleum  products.  Since  there  are  acknowledged  thousands  of 
years  of  coal  reserves,  the  attitude  seems  to  be  "Don’t  worry,  we'll  always  have 
enough  gasoline  quivalent,  even  though  it  may  be  expensive.  " 

The  known  and  projected  reserves  of  readily  extractable  fossil  petroleum  can.be 
pessimistically  estimated  in  decades,  and  optimistically  in  two  or  three  centuries  at 
the  most.  Fig.  4,  from  Salihi  (3),  is  pessimistic.  Should  we  be  concerned  with  this 
now?  The  answer  has  already  been  made  in  at  least  two  areas. 

1.  In  the  United  Kingdom,  there  are  approximately  60,  000  electric  delivery  vans 
used  for  delivery  of  dairy  products,  bakery  products,  etc.  for  the  consumer. 

2.  The  RWE  (Rheinisch- Westfalisches  Elektrizitatswerk)  in  West  Germany  is  under- 
taking a program  to  develop^  a viable  electric  vehicle  system  by  the  year  1980,  be- 
cause of  the  simultaneous  problems  of  reduction  of  available  fossil  fuels,  and  air 
pollution. 

The  60,  000  electric  vehicles  in  the  United  Kingdom  have  been  developed  commercially 
because  of  the  high  price  of  petrol,  plus  such  other  factors  as  the  high  maintenance 
cost  of  an  ICE  van  vis-a-vis  the  low  maintenance  costs  of  an  electric  vehicle. 

The  reason  why  the  electric  vehicle  cannot  compete  at  present  with  the  internal  com- 
bustion engine  (in  range  and  speed)  is  the  fact  that  the  energy  density  of  gasoline  is 
approximately  1,  000  watt  hours  per  pound,  whereas  a lead-acid  battery  has  only  10  watt 
hours  per  pound  (9).  Extensive  work  is  being  done  to  develop  batteries  with  energy 
densities  of  100  watt  hours.per  pound .{3).  When  this  200  WH/kg  comes  to  pass,  the 
electric  vehicle  will  be  competitive  with  the  ICE  for  everything  except  very  long- 
range  drive  across  country,  etc.  Since  well  over  90%  of  cars  travel  less  than  100 
miles  on  a trip  (10),  we  can  look  to  the  day  when  electric  vehicles  will.be  quite  viable. 

Where  will  ail  the  electrical  power  come  from? 

My  operating  hypothesis  is  that  there  will  not  be  a change  in  either  our  mode  of  li-ving. 
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nor  in  our  rate  of  increase  of  general  affluence.  Despite  all  the  jeremiads,  there 
will  be  more  use  of  electrical  power  for  individual  comfort  and  convenience,  and  for 
industrial  processes  which  will  make  for  "the  better  life.  " No  responsible  scientist 
or  engineer  will  accept  the  continiiing  rate  of  growth  of  electrical  power  generation 
without  introducing  nuclear  power  as  a major  source  of  growth.  Mencher  and  Ellis 
take  this  into  consideration.  They  consider  the  hazards.  If  we  accept  nuclear  power 
generating  stations,  starting  with  uranium  fission,  and  going  to  plutonium  breeder  re- 
actors, we  can  project  sufficient  electrical  energy  for  personal  automotive  use,  in 
conjunction  with  improved  batteries.  Batteries  need  be  improved  only  by  a factor  of 
two,  1.  e.  , about  50  WH/kg,  in  order  to  make  a ten-minute  battery  exchange  system 
completely  feasible  technologically,  and  acceptable  economically. 

One  need  not  go  into  "Buck  Roger"  techniques  of  individual  atomic  reactors  activating 
each  automobile  [the  "Atomobile"  of  Fig  5 is  impossible  (9)  due  to  shielding  and 
many  other  problems],  nor  to  fusion  power  generating  stations.  The  latter,  though 
extremely  attractive  in  principle,  have  yet  to  be  demonstrated  scientifically  as  being 
feasible. 

CONCLUSIONS 


Our  society  must  begin  to  take  electricity  seriously  as  "fuel"  for  automobiles.  It  has 
already  been  taken  seriously  as  a fuel  for  delivery  vehicles  in  the  United  Kingdom,  and 
is  being  studied  seriously  in  other  foreign  countries.  Since  there  is  probably  no  alter- 
native, the  sooner  we  take  this  seriously  in  the  Western  hemisphere  the  better, 
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appendix  A 

The  claim  that  if  all  conventional  vehicles  were  converted  into  electric  vehicles  over- 
night, it  would  cause  a required  increase  in  electrical  generating  capacity  of  100-fold, 
is  assumed  not  to  have  been  pulled  out  of  empty  air  as  an  arbitrary  figure. 

In  an  effort  to  determine  how  such  a figure  could  conceivably  have  been  arrived  at  in 
a systematic,  although  erroneous  engineering  calculation,  below  are  calculations  that 
might  yield  such  a conclusion. 

The  fallowing  figures  are  based  on  data  in  a region  such  as  New  York  State  (as  of  1967), 
and  are  rounded  off  for  ease  of  calculations. 

7 

(1)  Assume  number  of  vehicles  = 10,000,  000=10  . 

This  value  is  the  correct  order  of  magnitude  for  New  York  State. 

(2)  Assume  horsepower  per  vehicle  = 250hp. 

A reasonable  assumption;  horsepower  of  buses  and  trucks  is  higher, 
and  of  many  small  cars  lower. 

(3)  From  (2),  kilowatts  per  vehicle=250  x 0.  746=200  kilowatts. 

{4}  Assume  present  electrical-power-generating  capacity  in  New  York 
State  = 20,  000,  000=20  x 10^  kilowatts. 

This  value  is  fairly  close  to  the  actual  figure. 
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(4)  (cont'd)  At  first  glance,  it  might  appear  as  though  the  additional  power 

required  is  indeed  formidable.  From  (1)  and  (2),  the  additional 
capacity  needed  = 

(5)  200  (kilowatts  per  vehicle)  x 10^  (vehicles)  = 200  x 10^  kilowatts. 
From  (4)  and  (5)  the  additional  power  required  is 

(6)  (5)/(4)  = 200  X 10^/20  X 10^=100. 

i,  e.,  the  generating  capacity  would  have  to  be  increased  100-fold, 

This  figure  looks  formidable.  However,  the  reasoning  incorporates 
two  major  fallacies, 

FALT ACY  1 : The  200  -kilowatt  power  figure  of  equation  (3)  is  peak  power,  used 

only  infrequently,  when  the  vehicle  accelerates  rapidly  or  moves  up  hills  rapidly.  The 
average  power  required  is  substantially  less. 

Taking  into  account  the  lower  average  power  requirement,  plus  the  acknowledged  great- 
er efficiency  of  a t>attery-electnc  motor  system,  one  might  estimate  the  average  power 
requirement  for  a car  at  20  kilowatts.  So.  from  (6);  • • 

(7)  100  X = 10,  or  a tenfold  increase. 

The  tenfold  increase  is  still  substantial. 


FALLACY  2 ; . Vehicles  are  NOT  used  24  hours  a day.  Considering  values  from 

24  hours  a day  for  some  taxis  to  2 hours  a week  for  some  suburban  cars,  we  can 
reasonably  estimate  an  average  use  of  2.4  hours  a day.  Using  (6)  and  (7)  and  2,4 
hours,  we  get 


(8) 


100  X 


20  kw 
200  kw 


X 


2,  4 hr, 
24  ■ hr. 


i.  e, , the  order  of  magnitude  of  increased  electrical  power  required  is 
a doubling,  not  a 100 -fold,  multiplication. 


Independent  analyses  of  the  petroleum  fuels  consumed  by  all  types  of  internal  com- 
bustion vehicles  in  the  United  States,  automobiles,  trucks,  buses,  taxis,  etc.  indicate 
that  the  BTU  eqiiivalent  of  the  product  actually  burned  (after  refining),  when  converted 
into  kwh,  is  of  the  same  order  of  magnitude  as  the  total  kwh  generated  per  year  in 
the  United  States  by  all  generating  stations.  Therefore,  the  doubling  of  equation  (8) 
is  confirmed  independently, 


Further,  the  information  in  the  paper  by  Salihi  (3)  shows  that  the  energy  demand  if  all 
cars  were  electric  cars  in  the  year  2,000  is  about  1/2  of  the  present  electric  generat- 
ing capacity  in  the  United  States. 

Hence,  we  can  lay  to  rest  the  fear  that  electric  cars  will  strain  the  nation's  electrical 
power  generating  systems. 
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APPENDIX  B 

Philosophical  note  on  GMV  vs.  EMV  total  impact;  Upon  consideration  of  an  over- 

all picture  of  an  electric  vs.  a GMV,  if  the  fossil  fuel  is  going  through  a series  of 
processes  which  will  eventually  drive  a vehicle,  one  will  recognize  that  the  fossil 
fuel  will  have  an  impact  on  the  environment. 

If  one  looks  at  the  fossil  fuel  withdrawn  from  the  ground,  refined,  etc.  ,>  and  then  put 
into  a vehicle  which  will  operate  from  an  internal  combustion  engine,  the  overall 
effects  must  of  necessity  be  reasonably  close  in  the  two  systems,  unless  one  system 
is  extremely  more  efficient  than  the  other  system. 

■ l;hcre  may  be  portions  of  each  complicated  system  that\fe  more  efficient  in 
one  than  the  other,  'the  utilization  of  on-board  stored  energy  by  an  electric  motor  is 
much  more  efficient  than  the  utilization  of  on-board  stored  energy  in  a ICE^,  theiTbhe 
vehicle  would  be  vastly  superior  to  the  other.  However,  on  the  other  hand,  the  energy 
lost  in  storing  the  energy  on-board  the  electric  vehicle  is  much  greater  than  that  lost 
in  getting  the  gasoline  on  board  the  internal  combustion  engine  vehicle. 

Therefore,  one  -should  not  be  too  surprised  that  the  total  impact  on  the  environment' 
from  both  systems  is  essentially  the  same. 

It  is  when  one  analyzes  the  method  in  which  the  pollutants  are  distributed  into  the 
atmosphere  that  one  obtains  the  factor  of  almost  100  of  superiority  of  the  electric  vs 
the  gasoline.’ 

A corollary  of  this  would  be  that  if  a system  is  developed  for  converting  fossil  fuel 
on-board  a vehicle  into  electrical  power  with  little  impact  on  the  environment,  this 
would  undoubtedly  be  the  best  from  an  air  pollution  control  point  of  view.  Implied  is 
"fuel  cells",  for  which  there  is  present  little  practical  enthusiasm  in  the  realm  of 
vehiciilar  propulsion. 


APPENDIX  C 

Maintaining  smokestacks  clean,  vs.  maintaining  automobile  tail  pipes  clean.  In  the 

analyses  referred  to  herein,  particularly  Salihi  (3)  and  Mencher  and  Ellis  (8),  it  is 
assumed  that  the  air  pollution  controls  that  have  been  legislated  for  1975  and  1980  will 
actually  be  in  effect. 

Many  responsible  people  refer  to  this  as  "abject  optimism".  Although  it  is  reasonably 
possible  to  maintain  policing  pressure  on  public  utilities  and  the  relatively  few  smoke- 
stacks in  a given  area,  doubt  has  been  expressed  in  virtually  all  quarters  about  the 
ability  of  keeping  a hundred  million  automobiles  properly  tuned  so  as  to  maintain  all  of 
the  air  pollution  control  devices  in  proper  operating  condition,. 

The  consensus  seems  to  be  that  mandatory  inspection  will  be  necessary,  and  that  this 
in  itself  will  be  an  expensive  program,  not  very  popular  with  the  electorate  (11).  One 
therefore  concludes  that  if  the  realistic  aspect's  of  inclusion  of  pollution  control  devices 
is  taken  into  account,  there  is  probably  another  factor  of  at  least  10  in  favor  of  the 
EMV  vs.  the  GMV. 
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TABLE  I 


THE  COMPARATIVE  ENVIRONMENTAL  IMPACT  in  1980  OF  GASOLINE  - POWERED 
MOTOR  VEHICLES  (GMV)  VERSUS  ELEC  TRIG -POWERED  MOTOR  VEHICLES  (EMV) 


POLLUTANT  1980  POLLUTANT  EMISSIONS  DUE  TO; 


TOTAL  PARTICULATES 

EMV 

821,  960  tons 

GMV 

343,  768  tons 

RESPIRABLE  PARTICULATES 
(under  5 microns  diameter) 

133,  829 

tons 

189,190 

tons 

BENZO(a)  PYRENE 
PARTICULATES 

0.  53 

tons 

11.26 

tons 

SULFUR  DIOXIDE 

5,  773,  618 

tons 

1,  717,  620 

tons 

NITROGEN  OXIDES 

2,  857,  000 

tons 

4,470,400 

tons 

CARBON  MONOXIDE 

130,  858 

tons 

21,  322,250 

tons 

HYDROCARBONS 

100,  82  6 

tons 

4,  744, 050 

tons 

CARBON  DIOXIDE 

1, 

068,100,  000 

tons 

1,531,  450,  000 

tons 

TOTAL  HEAT 

21, 

702  X 10 

-BTU 

19,450  X 10^^ 

BTU 

RADIATION  Added  radiation  that  in  no  case  ex- 

ceeds 5%  of  natural  background  radi-  ‘ 
ation  for  the  general  population  and 
that  averages  far  less  than  this  over 
the  entire  U.  S,  population 

NOISE  _ _ _ Significantly-  greater  noise 

from  operation  of  the  GMV 
relative  to  the  EMV 

MISCELLANEOUS  5050  tons  of  oil  emitted  into  water-  29,348  tons  of  oil  emitted 

ways,  aesthetic  impact  of  add-  into  waterways 

itional  transmission  & distribution 
lines  for  the  added  electricity  re- 
quirements of  the  EMV 
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TABLE  II 


THE  EQUIVALENT  GROUND-LEVEL  EMISSIONS  OF  AIR  POLLUTANTS 
IN  198fD  FROM  THE  GMV  and  EMV  TRANSPORTATION  SYSTEMS 


POLLUTANT 

TOTAL  PARTICULATES 
RESPIRABLE  PARTICULATES 
BENZO(a)  PYRENE  PARTICULATES 
SULFUR  DIOXIDE  ’ 

NITROGEN  OXIDES 
CARBON  MONOXIDE 
HYDROCARBONS 


EQUIVALENT  GROUND -LEVEL  EMISSIONS 
DUE  TO  THE  : 


E M 

V 

G M 

V 

8,220 

tons 

194,  613 

tons 

1,338 

tons 

135,  714 

tons 

0.  005 

tons 

11.2 

tons 

57,  736 

tons 

609,196 

tons 

28,  570 

tons 

3, 846, 304 

tons 

1,309 

tons 

21,306,162 

tons 

1,  008 

tons 

3,177,  820 

tons 
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PETRO  - ELECTRIC  MOTORS.  LTa 
3<4a  MAOISON  AVSNUE 
NEW  YORi^  N.  Y.  10017 


November  19»  1975 


-Mr.  Howard  Vivian 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4ROO  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  lvj.ri  Vivian: 

Here  are  the  major  cost  items  of  the  PEM  "compound  hybrid".  You 
can  see  how  much  lower  the  costs  are  than  the  JPL  estimate  of  a hybrid,  based 
on  the  much  more  complicated  TRW  type  of  parallel  hybrid.  The  cost  premium 
of  the  PEM  hybrid  is  approximately  one  quarter  of  the  $1,  600  you  told  me  the 
JPL  report  shows. 

The  enclosed  data  are  three  years  old  and  show  only  a $330  difference 
between  the  PEM  hybrid  and  a conventional  vehicle.  Since  that  time  we  have 
learned  a great  deal  from  experience  with  the  vehicle,  we  have  gotten  more 
accurate  cost  figures,  there  has  been  inflation,  and  fuel  cost  savings  have 
become  more  important.  Thus,  we  estimate  that  the  cost  differential  now  might 
be  as  much  as  $450,  about  one  fourth  of  the  JPL  figure  of  $1,600,  I doubt  that 
further  elaborate  analysis  would  produce  substantive  changes. 

At  the  ERDA  contractors'  meeting  in  Ann  Arbor  on  November  17th, 

Dr,  Stephenson  repeated  the  JPL  report's  statement  that  the  advantages  of  the 
hybrid  cannot  justify  the  high  cost.  From  the  above,  you  will  see  that  this  state- 
ment is  erroneous,  I cannot  stress  strongly  enough  how  unfair  this  statement  is 
to  the  entire  concept  of  hybrids  and  how  detrimental  it  is  to  PEM. 

A JPL  statement  rectifying  this  error  should  in  all  justice  be  made  at 

once. 


;mc  /1 06 30 

end.  : Fig  23,  #8169 

cc:.  Dr.  Stephenson 


Very  truly  yours, 

RIG  MOTORS,  Ltd. 

President 


PE'mc^ELE^ 

iJfJt'IMC 

VlctoV  Wouk 
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- 4 . QOQ  POUND  FAMILY  CAR 
COST  COMPARISON 

CLEAN  CONVENTIONAL  CAR  VERSUS  HYBRID 


Conventional  PEM 

ICE  Car  Hybrid 


BODY 

$ 

1,260 

$ 

1,300 

ENGINE 

835* 

480 

RADIATOR,  EXHAUST 

170 

150 

STARTING  MOTOR 

45 

- 

GENERATOR 

55 

- 

MOTOR 

- 

550 

DRIVE  TRAIN  LOGIC 

- 

50 

BATTERY** 

30 

275 

BATTERY  CHARGE  CONTROL 

10 

50 

TRANSMISSION 

205 

205 

DIFFERENTIAL,  AXLE,  DRIVE  SHAFT 

245 

245 

ACCESSORIES  (A/C,  RADIO,  POWER  STEERING) 

545 

. 545 

HYBRID  INSTRUMENTATION- 

30 

EMISSION  CONTROL  EQUIPMENT 

250*** 

100**** 

INITIAL  COST 

$ 

3,650 

$ 

3,980 

COST  OF  PUEL***** 

3.300 

2,900 

TOTAL  COST  OF  OWNERSHIP 

$ 

6,950 

$ 

6,880 

* Add  $150.  for  20%  larger  engine  and  $50,  for  fuel  injection. 

**•  Pricing  eKperience  has  shown  automotive  supply  prices  to  be  at  low 

end  of  spectrum  due  to  large  volume.  Battery  prices  based  on  40;^/lb. 

***  Includes  hardware  for  reactors,  catalysts  & EGR,  Allowance 
made  for  inspection  or  replacement  of  catalysts . 

****  Includes  hardware  for  exhaust  manifold  reactor,  EGR,  spark  retard, 
and  lean  mixtures . 

*****  Based  on  100,000  miles,  40^/gal.,  13,3  mpg  (Department  of  Trans- 
portation Estimate) , 20%  higher  fuel  consumption  for  clean  conven- 
tional car,  (industry  estimates  go  as  high  as  30%  additional  fuel 
for  lowering  NOx). 
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Cabue  Address-  WOUKA 


■atciBic  yiims,  [n. 


342  MADISON  AVENUE 
NEW  YORK,  NEW  YORK  10017 

December  4,  1975 


Mr.  Howard  Vivian 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Re:  PYM  Hybrid  Cost  Analysis 

Dear  Mr.  Vivi-an: 


My  letter  of  November  19th  was  .sent  to  you  from  my  office  while 
I was  out  of  town.  I had  to  use  my  memory  to  instruct  the  office  staff  what 
to  send  to  you.  Therefore,  only  Fig.  23  of  our  Third  Status  Report  to  the 
Federal  Clean  Car  Incentive  personnel  was  included.  There  are  understand- 
ably some  ambiguities,  although  the  basic  concepts  and  conclusions  still  apply. 

In  order  to  complete  the  information  that  you  have,  I am  submitting 
herewith  the  full  relevant  information,  from  our  dociiment  #8169  as  follows: 

1.  Page  37,  with  "Vehicle  Costs"  starting  as  item  (5). 

2.  Page  41,  with  a more  comprehensive  analysis  relating  to  Fig.  23, 
page  39»  the  cost  comparison  of  the  clean  conventional  car  versus  the  hybrid. 


On  page  41,  item  (1)  explains  the  mysterious  footnote  about  having 
added  $160  to  the  cost  of  the  conventional  car  engine  for  20%  larger  engine, 
and  $50  for  fuel  injection,  which  we  believe  was  required  in  a "clean  conventional 
car"  as  explained. 


We  must  emphasize  over  and  over  again  that  our  analysis  is  for 
vehicles  of  equal  emissionsi  On  page  41,  item  (5)  you  will  see  that  the  Aerospace 
report,  on  which  you  make  your  base  estimates  did  not  make  any  allowance  for 
emission  equipment  that  will  be  mandatory  for  the  conventional  car  to  meet  the 
1976  standards.  We  made  an  arbitrary  figure  as  to  how  much  more  emission 
control  equipment  would  cost  on  a sales  price  basis  (which  are  all  of  the  costs).  . 
These  estimates  are  fairly  accurate,  as  it  turns  out.  The  catalyst  costs  about 
$125,  and  the  factored  sales  price  is  therefore  approximately  twice  as  much  in 
the  retail  cost. 

l 


LOW  EMISSION  VEHICLES:  Battery  Powered;  Heat  Engine / Battery  Hybrid  Systems 
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Mr.  H.  Vivian 


-2- 


December  4,  1975 


As  I state  in  the  letter,  no  substantive  changes  exist,  and  the  1.  6 
figure  in  the  JPL  report  certainly  is  not  warranted  when  applied  to  the  PEM 
hybrid. 

The  discrepancy  between*the  battery  price  of  40  cents  per  pound 
and  the  $275  in  the  hybrid  is  accounted  for  by  the  fact  that  the  40  cents  would 
be  O.  E,  M.  price,  whereas  the  $275  is  retail  price. 

As  an  interesting  point  we  include  page  40,  Fig.'  24,  a "Urban 
Vehicle"  which  has  60  mph  top  cruise  speed,  rather  than  the  100  mph  of  the 
previous  vehicle.  This  starts  being  close  to  what  would  exist  today  with  the 
new  speed  limit  of  55  mph.  Because  of  the  much  smaller  engine  we  save  on 
the  engine.  Because  we  assume  the  vehicle  is  for  urban  use,  the  emission 
controls  on  the  conventional  car  are  much  more  expensive.  We  therefore  come 
up  with  the  interesting  fact  that  the  hybrid  could  be  cheaper. 

Even  if  these  figures  are  slightly  off,  the  basic  concept  still  holds. 

Also  enclosed  is  page  42,  Fig.  25,  the  cost  comparison.  Please 
remember  that  we  were  not  allowed  to  consider  operation  with  the  batteries 
partially  depleted  during  the  course  of  the  day.  This  gives  an  enormous 
additional  advantage  to  the  PEM  hybrid  as  documented  in  the  figures  sent  to 
Dr.  Stephenson  on  October  22nd.  For  ease  of  reference,  that  entire  pre- 
sentation is  included  herewith. 

Thanks  for  your  continued  understanding  and  cooperation. 

Very  truly  yours. 


:mc 

12/8:  10665 
ends. 

cc:  Dr.  Stephenson 


PETRO-ELECTKIC  MOTORS,  LTD. 


President 
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case  (II),  30%  of  the  forward  power  is  recoverable  then  a 30%  increase 
in  SFC  for  the  hybrid  engine  would  mean  that  the  hybrid. vehicle  would 
utilize  approximately  40%  less  fuel  than  the  conventional  vehicle  to 
drive  the  same  mission,  (point  B) 

•An  increase  in  stop-and-go  driving  increases  the  amount  of 
kinetic  energy  available  for  recovery  by  electrical  braking  as  well  as  in- 
creases the  overall  specific  fuel  consumption  of  the  energy  (i.e.,  more 
losses  in  accelerator  pump,  enrichment,  and  maldistribution  of  fuel).  For 
most  hybrid  vehicles  the  fraction  of  the  average  engine  power  that  is  cycled 
through  the  electrical  system  also  increases  with  increases  in  the  amount  of 
stop-and-go  driving.  This  decreases  the  magnitude  of  some  of  the  potential 
hybrid  fuel  savings . 


4.1.1-  ^ SPECIAL  FEATURES  OF  PEM  HYBRID 


In  the  PEM  hybrid  the  fraction  of  the  engine  power  that  is  sent 
straight  through  to  the  wheels  can  be  readily  adjusted  to  produce  the  optimum 
balance  between  engine,  size,  emissions,  and  fuel  consumption.  For 
example,  by  decreasing  the  distance  the  accelerator  pedal  must  move  before 
it  engages  the  engine  throttle  (Fig.  22)  the  fraction  of  forward  energy  going 
straight  through  can  be  altered;  (n.b.,  decreasing  the  distance  the  accel- 
erator pedal  must  move  before  engaging  the  engine  throttle  reduces  the 
vehicle  load  at  which  changes  in  engine  power  from  the  pre-set  levels  are 
called  for).  If  2/3  of  the  power  goes  straight  through,  and  we  utilize  the 
vehicle  in  stop-and-go  urban  traffic  (where  upwards  of  50%  of  the  forward 
power  is  recoverable)  then  if  the  SFC  of  the  hybrid  is  30%  better  than  that 
of  a conventional  engine,  we  would  expect  the  fuel  consumption  of  the 
hybrid  to  be  65%  of  that  of  a conventional  engine  , (part  #1,  Fig.  20  , pt.  B). 

From  this  analysis , it  is  seen  why  it  is  important  to  size  the 
battery  and  electrical  system  for  efficient  battery  recharge  capability,  as 
wall  as  discharge  capability,  in  order  to  achieve  the  maximum  fuel  savings. 

See  Addendum  (1), 

5.  VEHICLE  COSTS 


Figs.  23  and  24  are  our  estimates  of  the  cost  of  PEM  hybrid 
vehicles  as  compared  to  clean  conventional  cars . The  basic  data  for  the 
costs  and  sizing  of  components  were  obtained  from  the  Aerospace  Report  (10) . 
We  have  applied  their  data  to  our  hybrid  vehicle . 

The  various  areas  in  which  our  cost  estimates  differ  from  the 
•Aerospace  cost  estimate  are  the  following: 
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1.  Cost  of  Engine  ; We  have  assumed  that  the  use  of  EGR 
will  be  required  in  a conventional  car  to  control  NOx.  In  order  to  compensate 
for  the  power  loss  due  to  the  use  of  EGR  we  have  added  $150.00  to  the  cost 
of  the  conventional  car  engine  for  a 20%  larger  engine.  We  have  also  added 
$50,000  for  fuel  injection,  which  we  believe  will  be  required  in  "clean  con- 
ventional cars”  to  reduce  pollutants  caused  by  changes  in  the  air-fuel  ratio, 
due  to  rapid  changes  in  the  throttle.  These  added  costs  are  not  needed  in 
the  PEM  hybrid  engine. 

2 . , Starting  Motor  and  Generator  : The  PEM  hybrid  will  use 

the  dynamotor  to  accomplish  the  starting  and  recharging  tasks.  This  elim- 
inates the  starter  motor  in  the  PEM  hybrid. 

3 . Motor  and  Drive  Train  Logic  : The  PEM  hybrid  will  use 

an  overexcited  shunt  wound  motor.  The  PEM  motor  is  estimated  to  cost 
$550.00  in  production,  as  compared  to  the  Aerospace  estimate  of  $350.00 
for  a series  motor.  The  PEM  motor  controls  should  cost  $50.00,  as  com- 
pared with  $125.00  for  the  Aerospace  drive  train  logic.  This  is  due  to  the 
elimination  of  high  power  choppers,  smoothing  chokes,  etc. 

Batteries  ; Pricing  history  has  shown  automotive  supply 
prices  to  be  at  the  low  end  of  the  battery  cost  spectrum,  due  to  large  volume 
of  production.  Therefore,  PEM  based  its  prices  on  40^^  per  pound  for  bat- 
teries, a price  that  has  been  confirmed  by  battery  manufacturers. 

5.  Emission  Control  Equipment  i The  Aerospace  Report  (10) 
did  not  make  any  allowance  for  emission  equipment  that  would  be  mandatory 
for  a conventional  car  to  meet  the  1976  Standards.  Thus,  Aerospace  com- 
parison was  between  a hybrid  that  met  1976  Standards  and  a conventional 
car  that  met  1970  Standards.  We  are  comparing  a 1976  hybrid  with  a 1976 
conventional  car.  We  did  not  do  a detailed  analysis  of  how  much  extra 
hardware,  how  much  catalyst,  etc,  would  be  needed  to  clean  up  a conven- 
tional car but  arbitrarily  multiplied  the  figure  for  a hybrid  by  2.5  for 

the  family  car,  and  5 for  the  urban  car.  These  costs  include  an  estimate 
of  replacement  costs  of  emission  control  systems  over  the  life  of  the  vehicle. 

Fig.  25  represents  graphically  the  data  presented  in  Figs , 22 
and  23.  An  examination  of  this  figure  shows  the  increased  importance  of  the 
cost  of  fuel  for  an  urban  vehicle  as  compared  to  a vehicle  driving  the  FTG. 
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4. OOP  POUND  URBAN  VEHICLE 
60  MPH  TOP  CRUISE  SPEED  - 75  MPH  TOP  PASSING  SPEED 

COST  COMPARISON 

CLEAN  CONVENTIONAL  CAR  VERSUS  HYBRID 


Conventional  PEM 

ICE  Car  Hybrid 


BODY 

$ 

1,260. 

$ 

1,300 

ENGINE 

835* 

380 

RADIATOR,  EXHAUST 

170 

150 

STARTING  MOTOR 

45 

- 

GENERATOR 

55 

- 

MOTOR 

- 

550 

DRIVE  TRAIN  LOGIC 

- 

50 

BATTERY** 

30 

275 

BATTERY  CHARGE  CONTROL 

10 

50 

TRANSMISSION 

205 

205 

DIFFERENTIAL,  AXLE,  DRIVE  SHAFT 

245 

245 

ACCESSORIES  (A/C,  RADIO,  POWER  STEERING) 

545 

545 

HYBRID  INSTRUMENTATION 

- 

30 

EMISSION  CONTROL  EQUIPMENT 

— 

500*^** 

100**** 

INITIAL  COST 

$ 

3,900 

$ 

3,880 

COST  OF  FUEL***** 

5,700 

4,500 

TOTAL  COST  OF  OWNERSHIP 

$ 

9,600 

$ 

8,380 

* Add  $150.  for  20%  larger  engine  and  $50.  for  fuel  injection. 

**  Pricing  experience  has  shown  automotive  supply  prices  to  be  at  low 

end  of  spectrum  due  to  large  volume.  Battery  prices  based  on  40/z^/lb. 

***  Includes  more  extensive  hardware  for  reactors,  catalysts  & EGR  than 
family  car  due  to  greater  frequency  of  high  load  conditions  in  urban 
driving.  Allowance  made  for  inspection  & more  frequent  replace- 
ment of  catalysts  needed  in  an  urban  vehicle., 

****  ■ Includes  hardware  for  exhaust  manifold  reactor,  EGR,  spark  retard, 
and  lean  mixtures . 

Based  on  100,000  miles,  40;^/gai, , 7 mpg  for  clean  urban  gasoline 
car  and  9 mpg  for  urban  hybrid. 
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FIG,  24 


■PEM.  HYBRID  VERSUS  CLEAN  CONVENTIONAL  CAR 
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Cable  Address:  WOUKA 


<>i+a)-&86»3+7^ 
<2)2)  966-2873 


■^(uo-tifcuic  Moiofts,  Lib. 


342  MADISON  AVENUE 
NEW  YORK,  NEW  YORK  10017 

March  4,  1976 


Dr.  William  H,  Pickering 
Director 

Jet  Propulsion  Laboratories 
California  Institute  of  Technology 
4800  Oak  Gr»ve  Drive 
Pasadena,  California  91 103 

Dear  Bill: 


I you  have  ol.her  tnattni*B  nuu'n  pi'PBfiing  than  my  parfkular 

prnhlem,  Iml  J did  hope  you  would  liave  a eliaiu’e  to  call  me  |jy  now,  aa  you 
indicated  in  December  you  would.  Rather  than  burdening  this  letter  with  copies 
of  correspondence  between  me  and  Dr.  Stephenson,  I will  emphasize  two  points 
on  which  I am  trying  to  get  a statement  of  concurrence. 

1.  Saving  of  Gasoline:  in  Rhoads'  most  recent  letter  to  me  he  agrees 

after  extensive  initial  denial,  that  the  hybrid  can  decrease  substantially  the  use  of 
gasoline  by  partial  battery  depletion.  I would  like  this  statement  to  be  made  without 
further  qualifications. 

Rhoads’  qualification  is  that  he  says  if  it's  important  to  save  gasoline 
in  cars,  then  why  shouldn't  we  try  to  save  petroleum  in  heating  of  houses  and  have 
houses  heated  electrically?  I don't  quite  get  the  non  sequitur. 

The  qvtalification  is  in  direct  Conflict  with  the  statement;  in  the  ifPh 
I'upuid,  f',0“  1 1,  fnn'lluii  iiOt  4 ” I *iti tuii It:  I |i!l'|'ui'(.  mi  Him  NiiIIiiii'm  Htihiiit'it  of  l'uy« 

im*iite"i  Ulinmtu  t'lnphu  bIwmb  the  InipuidRiil  ni'fei‘1’  nit  the  imtImi'H  emiiuiiity  in  MiiHliig 
down  the  use  of  ittiporfed  oU, 

Coats;  I sent  coat  information  to  H,  Vivian  almost  4 months  ago. 

Over  the  telophono  Vivian  and  1 wero  able  to  compare  major  items,  and  it  was  a 
matter  of  IS  minvitos  for  agromnont  tliat  tho  JPL  aatimato  is  high,  A cursory 
ex.m\lnation  will  indicate  that  the  hybrid  will  not  cost  1.  6 times  a conventional 
veitlele.  There  is  no  noeeasity  fen*  committees,  computers,  etc.  Maybe  an  in-depth 
attaiyaia  would  be  nocewaary  to  narrow  our  claim  of  1.  1 - 1.  2 or  to  push  it  up  to  1.  25, 

There  are  other  items  in  this  vein,  but  I don't  want  to  belabor  the  issue. 
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March.  4,  1976 


Dr.  W.  H.  Pickering 


Rhoads'  testimony  and  public  statements  have  been  damaging  to  hybrids, 
and  to  the  efforts  of  ERDA  to  obtain  Congressional  support  for  electrics  and  hybrids. 
I believe  that  the  hybrid  requires  more  serious  consideration  before  it  is  either 
dropped  or  is  given  heavier  support.  ERDA  was  anticipating  funding  at  a level  of 
10  million  dollars  yearly  for  electrics  and  hybrids.  That  has  recently  been  cut 
back  to  1 million  dollars  for  FY'76. 


I hope  for  a JPL  statement  to  the  effect  that  limited  information  available 
at  the  time  of  the  report  was  the  basis  of  the  pessimistic  conclusions  re  hybrids, 
and  that  information  obtained  since  then  would  warrant  reconsideration  of  the  con- 
clusions. I am  not  asking  for  specific  endoresements.  I am  asking  for  reconsideration 
and  elimination  of  the  "shutout  bids". 


1 repeat  my  offer  to  come  out  at  any  time  to  discuss  this  further. 


:mc 

2/3:  1Q814 


Sincerely, 


Victor  Wouk 
President 


MOTORS,  Ltd. 
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I JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4S00  Oak  Grove  X>iive,  Pasadena,  California  9U03 

December  8,  1975 


Dr.  Victor  Wouk 
Petro-Electric  Motors 
342  Madison  Avenue 
New  York,  N.Y.  10017 


Dear  Victor: 

I would  like  to  thank  you  for  and  acknowledge  your  various  written 
and  verbal  communications. 

As  I Indicated  on  November  26th,  I do  not  consider  it  appropriate  to 
make  piecemeal  changes  In  our  configuration,  analysis,  and  results  without 
ensuring  that  we  have  understood  all  the  ramifications  (cost,  emissions, 
fuel  consumption,  materials  consumption,  etc.)  of  a given  "suggestion". 

We,  therefore,  wish  to  consider  your  recent  Inputs  on  the  PEM  hybrid  in  a 
thorough  fashion.  As  I indicated,  this  will  require  funding  and  we  will 
not  be  able  to  start  until  January  at  the  earliest.  At  a very  minimum 
we  would  need  a detailed  parts  breakdown  (see,  for  example.  Table  6-3  of 
Volume  II  of  our  report)  so  that  we  could  perform  an  independent  cost 
"estimate  In  a consistent  manner  with  the  pure  heat  engine  portion  of  our 
report. 

You  have  raised  the  point  of  using  the  hybrid  in  a mode  where  the 
batteries  are  depleted  at  the  end  of  a mission  and  are  recharged  from 
external  electric  power.  This,  of  course,  will  result  in  less  gasoline 
being  consumed,  but  accompanied  by  an  increase  in  electrical  energy 
consumption.  In  fact,  the  total  energy  consumption  will  likely  be  higher 
(we  assessed  the  hybrid  as  having  a higher  energy  efficiency  than  the 
pure  electric)  This  would  only  be  a desirable  trade  when  adequate 
supplies  of  environmentally  acceptable,  non-petroleum  power  plants  (coal 
and  nuclear)  are  on-line.  I also  assert  that  conversion  of  amy_  current 
user  of  petroleum  to  electricity  would  have  the  same  qualitative  effect. 
Which  users,  if  any,  it  makes  sense  to  convert  to  electricity,  must  be 
determined  considering  the  costs,  the  supply  of  electricity,  and  the 
relative  energy  efficiencies  of  petroleum  versus  electric  energy  usage. 
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Dr.  Victor  Wouk  -2^  December  8,  1975 


Your  suggestion  also  raises  the  Interesting  question  of  the  control 
strategy  of  the  hybrid.  How  does  the  vehicle  operator  indicate  to  the 
control  system  that  it  is  okay  for  the  batteries  to  be  depleted  when  -he 
is  reaching  the  end  of’ his  mission?  Does  this  require  an  additional 
control  input  from  the  driver?  (Of  course,  it  is  not  appropriate  to 
pre-design  a control  strategy  to  work  on  one  particular  mission,  e.g. 
the  Federal  Urban  Driving  cycle).  A related  observation  is  that  the 
battery  depletion  mode  will  probably  result  in  an  increase  in  battery 
capacity  (and  weight)  and  thus  result  in  somewhat  more  energy  consumption 
under  all  modes  of  operation. 

I hope  this  letter  explains  wheft  may  be  possible  in  terms  of  further 
consideration  of  your  system  as  well  as  my  preliminary  thoughts  on  the 
battery  depletion  mode. 


Very  truly  yours, 

R.  Rhoads  Stephenson 

Systems- Analysis  Section  Manager 

RRS;bl  

cc:  T.  Barber 

G.  Meisenholder 

H.  Vivian 
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342  MADISON  AVENUE 
NEW  YORK,  NEW  YORK  10017 


April  21,  1976 


Dr.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Rhoads; 

It  was  good  to  learn  from  our  recent  conversation  that  you  are  not 
planning  to  discuss  the  hybrid  at  your  presentation  at  Caltech  at  Alumni  Day. 
If  for  aay  reason  you  do  discuss  the  hybrid,  it  will  be  extremely  unfair  to 
refer  to  the  cost  factor  until  we  have  had  an  opportunity  to  exchange  ideas 
further. 


Enclosed  are  my  analyses  of  costs,  reproduced  from  the  SAE  paper 
which  is  still  not  in  print.  It  includes  Appendix  H,  and  reference  #16  is  the 
JPL  report. 

You  can  see  from  the  enclosed  tables  XII  and  XIII  where  the  major 
difference  between  your  report  and  our  analysis  arises.  I was  told  by  your 
associate  that  JPL  took  at  face  value  the  figures  from  the  Aerospace  report, 
reproduced  in  Table  XIII,  that  gave  the  1.  6 ratio.  This  is  the  devastating 
ratio  that  you  have  been  using, 

I hope  you  will  not  apply  a double  standard  and  not  take  at  face  value 
our  figures  just  because  they  are  more  favorable.  It  won't  take  you  very 
long  to  go  over  the  figures  and  see  that  I am  correct.  It's  not  a matter  of 
calling  conferences,  having  meetings,  etc.  The  data  is  there  for  anyone 
who  approaches  the  question  in  a non -prejudicial  manner.  You  can  see  the 
basic  cost  savings  in  the  ampler  hybrid  that  we  have  been  using  so  success- 
fully. 


I'd  like  your  reaction  to  this,  hopefully  without  having  to  wait  too  long. 

Very  truly  yours, 

PETB^ELEC;FElic  MOTORS,  Ltd. 


''ictor  Wouk 
President 
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APPENDIX  H 


PROBABi-E  PRODUCTION  COSTS  are  vital  to 
the  decision-making  process  to  determine  whether 
this  compound  hybrid  warrants  further  serious  inves- 
tigation. If  the  savings  of  gasoline  cannot  offset  the 
initial  higher  cost  of  the  hybrid,  then  the  compound 
hybrid,  despite  the  fact  that  is  can  be  a family’ sized 
car,  may  not  be  able  to  compete  with  smaller  sized 
conventional  vehicles  of  equal  fuel  consumption. 

Notes  Gasoline  rationing  may  make  the  hybrid 
attractive,  independent  of  any  price  premium. 

Table  XII  is  a comparison  of  basic  costs  of  a 
conventional  vehicle  vs.  a compound  hybrid,  in  a 
4,000  lb,  family  car.  This  was  prepared  in  1972  (25). 
Costs  reflect  retail  prices  of  vehicles;  $3,980  for  the 
hybrid  vs.  $3,650  represents  an  11%  premium. 

It  is  of  major  consequence  to  realize  that  in 
1972  those  costs  were  projected  for  vehicles  meet- 
ing the  emission  requirements  of  Tables  I and  III. 
The  hybrid  described  herein  meets  the  present 
emission  requirements.  Doubts  are  expressed  by 
competent  automotive  englneers(26)  that  the  fuel 
economy  goals  of  27.5  mpg,  referred  to  in  Appendix 
B and  the  "Energy  Policy  and  Conservation  Act" 
(27),  and  the  emissions  goals  of  Tables  I and  III,  can 
be  met  simutaneously  in  anything  but  subcompact 
cars. 

Some  of  the  reasoning  behind  the  calculations 
of  Table  XII  Include  the  following; 

(1)  In  1972  it  was  assumed  that  to  meet  0.4 
gpm  of  NOx,  EGR  would  be  used.  To  compensate 
for  the  power  loss,  the  projected  engine  was  20% 
larger  than  that  in  a 1972  model  car. 

(2)  $50  was  added  for  fuel  injection,  which 
was  believed  necessary  to  minimize  the  HC  and  CO 
levels  normally  resulting  from  F/A  ratio  changes  due 
to  rapid  throttle  changes. 

(3)  Batteries  in  this  hybrid  are  conventional 
automotive  types.  Such  batteries  are  the  lowest  in 
cost  of  all  rechargeable  batteries,  and  are  made  of 
materials  for  which  no  shortages  are  envisioned. 
Further,  the  lead  in  lead-acid  batteries  can  be 
recycled  with  very  high  percentage  recovery. 

The  1972  figures  of  Table  XII  included  replace- 
ment of  the  batteries  once  during  a vehicle  lifetime 
of  100,000  miles.  This  is  consistent  with  Fig.  28, 
and  the  discussion  thereof  in  Appendix  F. 

(4)  The  emission  control  equipment  for  the 
conventional  car  was  calculated  by  arbitrarily  multi- 
plying the  costs  of  the  emission  controls  on  the 
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hybrid  by  2.5.  In  1972  it  was  believed  that  a thermal 
reactor  and  an  electronic  feedback  system  for 
manifold  vacuum  control  (Fig.  24,  Appendix  D) 
would  prove  satisfactory  for  emission  controls  of  the 
hybrid.  This  has  proved  to  be  the  case. 

The  catalyst  used  in  1976  model  cars  costs 
about  $125,  according  to  published  newspaper 
reports.  The  required  emission  levels  of  V6  model 
cars  are  about  three  times  higher  than  those 
achieved  with  this  hybrid.  It  is  reasonable  to  project 
that,  for  equal  performance,  the  cost  of  emission 
controls  for  conventional  vehicles  would  double  from 
the  $125  figure  to  $250,  which  is  the  amount  shown 
in' Table  XII. 

The  figure  of  a 60%  cost  premium  for  a hybrid 
(16),  is  based  on  analysis  of  the  complicated  parallel 
hybrid  of  Fig.  16,  with  its  double  set  of  rotating 
electrical  machinery,  and  a complicated  electronic 
control  system  (6).  The  costs  estimates  from  (16) 
are  included  here  for  reference,  Table  XIII.  The 
very  much  higher  costs  of  the  motor  generator  pair, 
and  the  electronic  controls,  are  apparent. 

The  above  discussion  is  not  meant  to  be 
definitive  as  to  absolute  levels  of  costs,  but  indica- 
tive of  cost  trends.  The  compound  hybrid  shows 
enough  potential  of  saving  of  gasoline,  possibly 
reducing  consumption  50%  (effective  increase  of 
gasoline  "fuel  economy"  by  100%)  to  warrant  further 
development.  The  cost  saving  in  gasoline  may  well 
offset  the  initial  price  premium  of  the  hybrid  for  the 
"first  user." 

At  present,  the  barriers  to  further  hybrid 
development  are  political.  If  the  Clean  Car  Amend- 
ments for  1970  were  enforced  today,  the  General 
Services  Administration  of  the  Federal  Government 
would  be  purchasing  at  least  5,000  of  these  hybrid 
cars  yearly.  This  is  mandated  by  Section  212  of  the 
Act.  Such  a market  would  be  the  basis  for 
penetrating  state  and  municipal  governmental 
agencies,  and  would  bring  the  vehicle  cost  into  a 
range  acceptable  by  environmentally  conscious 
drivers. 

Further,  as  detailed  by  Stephenson  (16), 
reducing  consumption  of  gasoline  frees  the  U.S.A. 
from  dependence  upon  foreign  sources  that  are 
politically  unstable  and  potentially  disruptable  with 
disastrous  consequences,  as  experienced  briefly  in 
the  winter  of  1973-74. 

Finally,  (16)  points  out  the  enormous 
importance  of  keeping  the  $40  billion  of  foreign 
exchange  annually  in  the  U.S.A.  The  socio-economic 
impact  on  financial  stability  of  the  U.S.A.,  and 
increased  employment  in  the  alternate  energy 
industries,  are  ail  sound  politcal  reasons  for  investi- 
gating any  promising  technology  that  will  reduce  the 
consumption  of  imported  fluid  fuels  in  any  applica- 
tion, The  hybrid  automobile  is  one  such  technology, 
in  the  field  of  personal  transportation. 
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Table  XII  - Cost  Comparison!  4/000  Pound  Family  Car 


Conventional 


Ice  Car  (1972) 

Hybrid 

Body 

$1,260 

$1,300 

Engine 

835 

480 

Radiator,  Exhaust 

170 

150 

Starting  Motor 

45 

- 

Generator 

55 

- 

Motor 

- 

550 

Drive  Train  Logic 

- 

50 

Battery* 

30 

275 

Battery  Charge  Control 

10 

50 

Transmission 

205 

205 

Differential,  Axle,  Drive  Shaft 

245 

245 

Accessories  (A/C,  Radio,  etc.) 

545 

545 

Hybrid  Instrumentation 

- 

30 

Emission  Controls 

250** 

100* 

Initial  Cost 

$3,650 

$3,980 

* Pricing  experience  has  shown  automotive  supply  prices 
to  be  at  low  end  of  spectrum  due  to  large  volume.  Bat- 
tery prices  based  on  40^/lh. 

**  Includes  hardware  for  reactors,  catalysts,  and  EGR. 
Allowance  made  for  inspection  or  replacement  of  catalysts. 
***Includes  hardware  for  exhaust  manifold  -reactor,  EGR, 
spark  retard,  and  lean  mixtures. 


8-57 


77-40 


Table  XIII  - Cost  Comparison  of  Conventional 
vs  .‘.Hybrid  Family  Car* 

Conventional  Compound 

ICE  Car  (1972)  Hybrid*  Hybrid** 


Body 

Engine 

Radi at or f Exhaust,  etc. 

Starting  Motor 
Generator  - 
Motor 

Generator  Control 
Motor  Control 
Drive  Train  Logic 
Battery 

Battery  Charge  Control 
Ac  Rectifioer 
Electrical  Cooling 
Gearing  (HE  to  Gen) 

Transmission 

Differential,  Axle,  Drive  Shaft 
Accessories  (A/C,  Radio,  etc;) 
Hybrid  Instrumentation  - 
Emission  Controls 

Initial  Cost 


$1,260 

$1,300 

$1,300 

635 

480 

480 

170 

150 

150 

•45 

30 

- 

55 

200 

- 

- ^ 

350 

550*** 

- ■ 

200 

- 

- 

275 

- 

- 

125 

50 

30 

560 

275 

10 

125 

50 

- 

30 

- 

- 

50 

- 

- 

60 

- 

205 

205 

205 

245 

350 

245 

545 

545 

545 

- 

30 

30 

50 

125 

100 

$3,250 

$5,190 

$3,980 

1.22 


Cost  Ratios**** 


* As  analyzed  in  Reference  (16). 

**  From  Table  XII 

***  Dynamotor  replaces  separate  motor  and  generator  of  (*) 

****Table  XII  assumes  a more  expensive  engine  and  emission  controls 
for  conventional  car,  reducing  1.22  to  1.1 
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Critique  by 

Scientific  Energy  Systems  Corporation 
570  Pleasant  Street 
Watertown,  MA  02172 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 

RE;  34LPE-77-215-9 
June  29,  1977 


Mr.  Roger  L.  Demler,  Program  Manager 
Scientific  Energy  Systems  Corporation 
570  Pleasant  Street 
Watertown,  Massachusetts  02172 

Dear  Mr.  Demler; 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

This  is  in  response  to  your  letter  and  to  that  of  Mr.  Pompei  which  was  addressed 
to  the  U.S.  Department  of  Transportation,  and  is  in  accordance  with  our  restruc- 
tured heat  engine  program  summarized  in  the  enclosure.  The  critique  response 
plan  is  part  of  the  current  program.  We  appreciate  having  your  comments  and 
those  of  Mr.  Pompei,  along  with  the  technical  analyses  attached.  These  data  will 
be  of  value  in  the  Rankine  phase  of  our  current  work  which  will  address  the  sub- 
stantive issues  raised  by  all  respondees  to  the  Rankine  portion  of  the  subject 
report. 

The  subject  report  is  the  result  of  a systems  level  study  predicated  on  the  ana- 
lytical concept  of  an  "Otto  equivalent  engine"  (OEE)  as  a means  for  comparing  a 
rather  broad  spectrum  of  heat  engines.  Consistency  in  adhering  to  the  OEE  con- 
cept was  an  essential  feature  of  the  analysis,  but  we  recognize  that  some  power- 
plants,  particularly  hybrids  and  electrics,  should  be  evaluated  on  a different 
basis  than  this.  But  under  the  ground  rules  of  the  study  the  only  Rankine  system 
approaching  Otto  equivalency  is  the  Carter  system  described  in  SAE  paper  750071, 
Feb.  24-28,  1975.  The  attractive  size  and  weight  of  the  Carter  engine  are  the 
result  of  unconventionally  high  boiler  pressures  (varying  from  300  to  2500  psig) , 
cycle  temperatures  of  about  1000°F,  and  an  expander  speed  of  some  5000  rpm.  If 
such  values  of  pressure,  temperature,  and  speed  should  turn  out  to  be  feasible  in 
a production  engine,  then  of  course,  our  assessment  of  Rankine  engines  would 
change  rather  dramatically.  Weight  and  size  of  the  SES  engine  still  seem  to  us 
as  major  deterrents  to  its  attaining  the  status  of  a mature  automotive  power 
system,  at  least  in  the  hear  term. 

We  recognize  the  versatility  of  steam  systems  in  respect  to  their  acceptance  of, 
or  adaption  to,  a wide  variety  of  fuels,  and  likewise  their  capability  in  coping 
with  stringent  emissions  standards  - even  those  not  feasible  for  the  Otto  engine. 
We  also  recognize  the  superiority  of  steam  systems  over  gas  turbines  in  respect 
to  fuel  economy  at  part-load.  These  virtues  may  well  compensate  for  the  higher 
weight,  but  under  different  ground  rules  than  employed  in  the  subject  study. 


Telephone  354-4321 


Twx  910-588-3269 


Twx  910-588-3294 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


Mr.  Roger  L.  Demler 


-2- 


June  29,  1977 


We  look  forward  to  further  discussions  with  you  and  others  in  the  field  during  the 
course  of  our  upcoming  Rankine  revisit  as  mentioned  above. 


ect  Manager 
Automotive  Technology  Status  and 
Proj actions 


HEC:nrw 

Enclosure 

cc:  Mr.  Francisco  Pompei 

Program  Development  Manager 


9-3 


77-40 


v>  i i I ) 1 « sy  imi  • #r*»  « '.<  j w i '.z  I u.  ♦ - « sy » * . \ : vJ < i 

{51 7 ^ 924-1 ‘iSO 


w i I 

670  Plc;;isr!nt  Stroot.  Water  lown,  Vlass.  02172 


Septeitiber  10,  1975 


Dr.  Richard  L.  Stronhotne 

Chief,  Enerj'y  and  Envirornnent  Division 

Office  of  the  Secretary 

U.S.  Deparlnent  of  Transportation 

y<00  Seventh  Street,  S.W. 

Washington,  D.C.  20590 

Dear  Dr,  Stronbotne ; 


Thank— you  for  the  opportunity  for  our  recent  discussion  on  the 
sub:iocL  of  Advanced  Stearii  Kngines,  VJe  c-iupraciato  the  position  cf  DOT  in 
the  natter  of  engine  R.6D  activities,  but  would  like  to  keep  you  infcr.ncd 
of  dcvc-lopni-enrs  in  cur  field.  The  questions  that  were  raised  during  our 
discussions,  prinarily  concerning  wore  detailed  c::an>i nation  of  hard\:ara 
capabi]  itic.s  and  composite  I'DC  fuel  economy  estiaiatos,  are  hoJpful  in 
preparing  our  program  preseutacion. 

Enclosed  is  a set  of  engine  performance  mans  for  the  candidate 
alternative  automotive  .uaginos  which  serve  as  !.ao  basis  fo'u  the  -'cunai-- 

i sh.r'i"  in  b’''"iing  documenr.  whicli  up  unri  m <?cii<^qeci  laiso  enclcscay 

V.Ticro  indicated  the  engines  have  been  scaled  and/or  cylinders  added  to 
achieve  the  same  power  capability  at  50  u>ph  road  speed. 

As  you  are  well  aware,  Jet  Propulsion  Laboratory  of  Caltech  h..;s 
just  puhiished  a study  entitled  "Should  We  have  a Dew  Engine?  An  Autn- 
motivo  power  Systems  Evaluation,  1975".  E’c  are  taVdng  issue  with  some 
of  the  dat-Tils  and  conclusions  of  the  study  and  'nave  pit-t.arcd  a brie: 
initial  rev^.,,,.  Due  to  tne  rather  controversial  nature  of  the  study,  we 
expect  that  quite  a number  of  parties  \’ilJ.  oe  co:>i..i,i:iiting  on  the  cjnclusionu 
We  would  be  most  interesred  in  your  comments  on  the  report  and  also  on 
our  review. 


FP/lli 

EncJc.-/jie 


Very  truly  yours, 


'.Av.. 


Prancesco  Poripei 

Program  D-;ivelopmcnt  Manager 
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SCIENYiFlC  EKERGY  C-n'STEMS  CORPOi^ATtON 

^'0  Pleasant  bireel,  vVateHov/n,  Mass  02172  (6171  924-1420 


Sep f ember  9,  1975 


INTT3AL  SES  .REVIEW  OF  THE  JPL  REPORT 
SHOUT, D V/F.  HAVE  A NEW  EKGI>^E?  AN  AUTOMOTIVE 
POWER  SYSTEMS  EVAT.UATION,  1975 


SES  has  conducted  a preliminary  review  of  the  JPL  report  and  even 
from  a first  x*eview  a number  of  critical  cotranents  are  in  "order.  Some  of 
these  comments  are  of  a general  nature  t7hile  some  are  specifically 
directed  at  our  field  of  expertise;  vehicle  performance  modelling  and 
optimization,  and  steam  engine  research  and  development. 

The  report  had  the  potential  of  providing  a major  source  of  ref- 
erence material  on  alternative  engines  and  optional  approaches.  The 
most  significant  criticism  is  that  the  report  does  not  carry  all  of  the 
alternative  vcrsie>n5  cf  eacK  engine  through  their  pefceuLial  fuel  economy, 
eniresions,  weight  and  cost  projections. ' 'In  most  cases  the  text  cuts  off 
the  options  with  a cursory  judgement  of  the  results  wichout  providing 
the  supporting  data.  In  our  particular  field  of  steam  cugine  development^ 
the  judgements  and  resultant  data  arc  suhstantially  in  error.  In  short, 
the  errors  in  fact  and  judgement  detract  from  the 'report's  credibility. 

The  following  comments  address  some  of  the  major  faults.  SES  is 
conducti.ng  a more  detailed  critique  particularly  of  the  steam  engine 
section. 

1)  A fundamental  oversight  ixi  this  report  is  that  the  steam  engine 
v;ith  reheat  vjas  not  given  consideration.  Had  the  material  supplied  by 
SES  on  the  reheat  steam  engine  been  examined,  the  report's  conclusions 
would  have  been  substantially  difierent. 

The  steam  engine  x.’oiild  have  shown  the  highest  fuel-  economy  of 
all  engines  when  cempared  at  the  sane  teclinology  lc-/cl. 
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2)  The  hi';h  fuel  economy  projected  for  future  gas  turbine  engines 
is  dependant  upon  significant  advances  in  variable  geometry  component 
efficiencies  and  materials  technology.  The  gas  turbine  has  been  favored 
by  many  years  of  intensive  research  and  development  for  both  commercial 
and  military  applications.  The  major  advances  projected  for  future 
automotive  gas  turbines  appear  to  be  highly  optimistic  in  this  JighL, 

The  Stirling  engine  projected  fuel  economy  is  also  dependent 
upon  advanced  component  technology/-  but  considering  the  more  limited  K&D 
history  this  potential  may  be  more  realistic, 

3)  The  se.l  action  of  probabie  technology  advances  was  arbitrary. 

Two  examples  vjill  illustrate  the  “point.  The  advanced  Otto  cycle  gained 
appreciably  from  the  assumption  of  a grossly  improved  lightvreight  rotary 
or  V?ankel  type  engine  while  the  Wankcl  type  expander  v/as  not  considered 
for  the  advanced  A major  advance  in  gas  turbine  combustors 

was  assumed  i.liilc  no  sig'nificajifc  improvement  in  Diesel  combustion  was 
envisioned. 

4)  Conducting  such  a study  is  a most  difficult  task  with  such  n 
wide  diversity  of  technological  maturity  between  engine  types.  In  the 
case  of  the  steam  engine  it  is  far  to  early  to  freeze  the  design  as 
.suggested  by  the  rc]>ort.  A period  of  applied  research  is  required  to 
explore  the  performance  and  durability  of  alternative  high  tempera t-ure 
expander  types,  continued  research  in  boiler  response  and  compactness, 
and  dcvclop.ment  of  control  strategies  for  optimum  vehicle  performance 
and  economy. 

5)  The  JPb  study  claims  that  Diesel  cars  have  only  about  10% 
better  fuel  econory  than  the  reference  Otto  eng-fne  car.  This  is  too 
low.  The  ADL/DOT  auto  fuel  economy  study  report;  \;hfch  \/e  parti cip.U  o.d 
111  concluded  that  tlie  Diesel  car-  with  ojqual  performance  would  era  joy  a 
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30';!  improvernent  in  cconoriiy  o%'o.r  tiie  urban  drive  cycle  and  about:  15% 
improvcnent  over  highway  cycle  for  an.  avet*age  improvement  over  the 
composite  cycle  of  about  23%  greater  liPG.  Our. figures  were  also  based 
.‘on  gasoline  as  the  fuel  so  they  did  not  include  the  additional  10% 
advantage  wdien  assuming  the  more  dense  Diesel  fuel.  Ricardos  are  the 
experts  in  this  field  and  the  ADL/DOT  report  results  were  in  good  agree- 
ment with  Ricardos  claims  from  their  many  reports  on  this  subject.  The 
ABL/DOT  report  even  w^ith  a. 23%  improvement  has  been  widely  criticized 
for  underestimating  the  fuel  economy  advantage  of  the  Diesel. 

6)  Some  specific  comments  on  the  reheat  steam  engine.  SES  pro- 
vided data  on  a mature  steam  engine  that  employed  reheat  to  significantly 
improve  fuel  economy.  This  conservative  projection  assximed  no  improve- 
meiit  in  steam  engine  component  efficiencies  over  that  already  demonstrated , 
and  required  superalloys  only  in  expander  valves  and  springs.  The 
proposed  variable  cutoff  expander  (rejected  by  JPL  as  ine.f f icient) 
permits  matciiing  the  engine  to  produce  its  best  efficiency  at  one  quarter 
power  rather  than  at  naxr  poxrer  as  is  the  case  with  ihe  fixed  cutoff 
expander  selected  by  JPL.  The  variable  cutoff  expander  also  eliminates 
the  need  for  very  high  steam  pressures,  eliminates  the  need  for  a 
torque  converter  and  the  associated  losses,  and  also  eliminates  the  need 
for  a variable  pressure  boiler  and  its  attendant  response  problems. 

The  reheat  cycle  also  makes  a substantial  impact  on  components 
because  of  the  increased  cycle  efficiency.  As  the  cycle  efficiency 
increases,  the  boiler,  condenser  and  feedpump  sizes  are  reduced  drama- 
tically because  of  the  reduced  boat  rejection  and  higher  specific  output. 
The  expander  for  the  compound  reheat  expansion  process  can  be  quite 
compact  at  one  horsepower  per  cubic  inch  of  displacement.  Among  the 
mature  engines  only  the  gas  turbine  v/ould  have  a significantly  lower 
weight  projection. 
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7)  The;  enclosed  "Sur.’.mary  Briefing"  presents  the  reheat  steani 
engine  approach  and  its  relative  performance.  The  supporting  engine 
maps  used  in  this  study  are  all  based  on  published  data  for  the  alter- 
natives and  present  net  performance  to  the  transmission  after  deduction 
of  normal  vehicle  accessories.  Relative  fuel  economy  was  calculated 
assuralng  constant  vehicle  weights  and  torque  converter  drive  trains  with 
the  exception  of  the  gas  turbine  and  steam  engines.  Tor  the  latter 
cases  the  torque  converter  is  not  required  for  the  automatic  transmission 
because  of  the  low  speed  torque  chiiractcristics.  The  time  phased  fuel 
economy  projection  assumed  a modest  grovrth  in  component  performance  for 
all  engines  except  that  it  conservatively  assumed  no  improvement  in 
component  performance  for  future  steam  engines. 
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rs  t*-r» 

GALLON 


CRUISE  FULL  ECONOMY 
ALTE RNATl VE  ENG IKES 


MlLL-S_f=Ef^  LOUR 


900 


WHAT  ARE  ThE  FEATURES  OF  THE  ADVANCED  STEAM  ENGINE 

o BEST  FUEL  ECONOMY  OF  ALL  CAND’.l'ATE  ENGINES 

o'  LOWEST  EMISSIONS  OF  ALL  CANDIi*;,TE  ENGINES 

» 'best  DRIVABILITY  CTORQUE./SPEEIi  CHARACTERISTICS) 

OF  ALL  CANDIDATE  ENGINES 

o SIMPLEST  AND  MOST  EFFICIENT  POV.'ERTRAIN  OF  ALL 
CANDIDATE  ENGINES  - 

o MULTI-FUEL  OPERATION  - BEST  USE  OF  A BARREL  OF  CRUDE 

o LOW  NOISE 


e 


NO  EXOTTC  MATERIALS 
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WHAT  ARE  THE  CO,MPO^!^:^;TS  AN'O  HO. 


J I I ous 


THEY? 


- Ps  ^ 

CMARK  TI  E,\OT?nIE') 


VAPOR  GENERATOR 

o BASED  ON  SES  MODEL  8 - 
STATE-OF-THE-ART  SYSTEM 

o ADDITION  OF  ONE  REHEAT  PASS 

o NO  EXOTIC  MATERIALS 

o NO  UNUSUAL  PROBLEM  AREAS 

CONDENSER 

o CONVENTIONAL  FIXED  CORE  DESIGN 
o NO  UNUSUAL  PROBLEM  AREAS 

RECUPERATOR 

o CONVENTIONAL  FIXED  CORE  DESIGN 
o NO  UNUSUAL  PROBLEM  AREAS 


EXPANDER 

o RECIPROCATING  HIGH  & LOW  STAGES 

o CONVENTIONAL  5 CYL  ; N-LINE - DES ! SN 
© LUBRICAT-ION  DEVELOPMENT  REQUIRED 
o MODEST  EFFICIENCY  TARGET  C70v) 
o NO  EXOTIC  MATERIALS 
FEEDPUMP 

6 SES  DESIGN  - DEMONSTRATED  i'SCfl  ^SI 
o NO  UNUSUAL  PROBLEM  AREAS 

CONTROLS 

« SIMPLER  INTEGRATED  2ND  GENERATION 
o NO  UNUSUAL  PROBLEM  AREAS 
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what  fiRF  SOM':  nr  _ rip.  S ?=' C 1 r I C AT T QMS 
(y.AR,<  II  ENGINE) 


DESIGN  POINT 

o 100  GROSS  HORSEPOWER  OUTPUT 

e 600  L5/HR  STEAK  FLOW 

© 500  LB  TOTAL  WEIGHT 

CW/0  TRANSMISSION  OR  VEHICLE  ACCESSORIES) 

EXPANDER 

o 5 CYLINDER  IN-LINE;  97  IN^  TOTAL  DISPLACEMENT 
. © 4300  RPM  TOP  SPEED 

© 285  LB  ESTlilATED  WEIGHT 

VAPOR  GENERATOR 

«>  1250°r  1ST  STAGE  TEMPERATURE 

o 1500°F  2ND  STAGE  TEMPERATURE 
© 38  LB  ESTIMATED  WEIGHT 

FEEDPUMP 

© 1650  PSI  DELIVERY  PRESSURE 

© 12  LB  ESTIMATED  WEIGHT 

CONDENSER 

© 35  PSIA  MAXIMUM  OPERATING  PRESSURE 

© 45  LB  ESTIMATED  WEIGHT  (INCLUDING  FAN) 

RECUPERATOR 

© 700®F  MAXIMUM  TEMPHI- ATURE 

10  LB  ESTIMATED  Wr  GHT 


o 
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FUnL  ECOMOMY  FUNDAMENTAL  SOUNDARIES 


» THE  SPARK  IGNITION  AND  DIESEL  ENGINES  A-„READY  RUN  AT  THEIR  OPTIMUM  CYCLES. 
ONLY  DETAIL  REFINEMENTS  CAN  BE  EXPECTED. 


o THE  STIRLING  AND  GAS  TURBINE  ENGI'NES  ARE  RUNNING  AT  THE  LIMIT  OF  CURRENT 
MATERIALS  TECHNOLOGY.  MATERIALS  AND  CO»',=ONENT  DEVELOPMENT  IS  RELATIVELY 
MATURE.  A BREAKTHROUGH  IN  CERAMIC  MATERIALS  IS  REQUIRED  TO  BEAT  THE  DIESEL. 

o A MARK  II  STEAM  ENGINE  USING  A LOW  COST  STAINLESS  STEEL  BOILER  AND  TODAY'S 
COMPONENT  EFFICIENCIES  HAS  THE  SAME  ECO^DMY  POTENTIAL  AS  THE  ADVANCED 
CERAMIC  GAS  TURBINE. 

I 

o A MARK  III  STEAM  ENGINE  WITH  AN  ADVANCED  CERAMIC  BOILER  HAS  AN  ECONOMY 

POTENTIAL  SUPERIOR  TO  ALL  ALTERNATIVE  ENGINES  AT  THE  SAME  TECHNOLOGY  LEVEL. 
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WHY  SHOULD  THE  GOVERNMENT 


SUPPORT  STEAM  CAR 


DEVELOPMENT? 


6 

O 

o 

o 

o 

o 


THE  STEAM  ENGINE  HAS  THE  BEST  POTENTIAL  OF  ALL  THE  CANDIDATES 
BY  FAR  THE  MOST  INFANT  TECHNOLOGY 

I 


j NO  RATIONAL  JUDGEMENT  CAN  BE  MADE  AT  THE  CURRENT  TECHNOLOGY  LEVEL 

I ' 

ALL  THE  OTHER  CANDIDATES  HAVE’ HAD  LONG-TERM  GOVERNMENT  RESEARCH 
SUPPORT  FOR  MILITARY  AND  PUBLIC  APP.L  3 CATI ONS 

BIG  RISK  FOR  PRIVATE  COPi PORATI ONS  WITH  NO  APPARENT  GOVERNMENT 
ENCOURAGEMENT 


ONLY  THE  GOVERNMENT  IS  IN  A POSITION  TO  ASSUME  THE  INITIAL  RISK 
AND  PROVIDE  THE  INCENTIVE 
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SClENTiRC  ENERGY  SYSTEMS  CORPORATION 

570  Pleasant  Street,  Watertown,  Mass.  02172  (617)  924-1420 


RLD-293 


8 October  1975 


Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Attention:  Dr.  R.  Rhoads  Stephenson 

Dear  Dr.  Stephenson: 

As  a leader  in  the  automotive  steam  engine  field,  Scientific  Energy 
Systems  Corporation  has  completed  a critique  of  the  Rankine  engine 
chapter  from  your  recent  report  Should  We  Have  a New  Engine? . We  find 
that  the  Rankine  engine  analysis  is  technically  erroneous  and  super- 
ficial. The  JPL  conclusion  that  the  automotive  steam  engine  does  not 
have  a practical  potential  for  very  high  fuel  economy  and  competitive 
cost  is  also  invalid  because  of  these  technical  errors,  superficial 
analyses  and  narrow  concept  evaluation. 

SES  provided  JPL  with  practical  cost  competitive  alternatives.  SES 
reviewed  with  JPL  the  fundamental  technical  errors  during  a very  early 
draft  phase.  JPL  has  not  made  use  of  this  support.  Of  the  references 
cited  by  JPL  in  direct  support  of  the.  steam  (water  working  fluid)  engine 
analysis,  9 of  28  are  direct  references  to  SES  Information.  Major  mis- 
representations by  JPL  of  this  information  further  reduce  the  validity 
of  the  report. 

As  the  JPL  study  may  erroneously  influence  the  Nation's  energy 
conservation  programs  as  well  as  JPL's  reputation  we  suggest  that  JPL 
should  endeavor  to  correct  and  complete  the  analysis  for  a revised 
chapter  on  the  Rankine  engine. 

As  noted  in  your  report,  the  Rankine  engine  analysis  did  not  receive 
iterative  reviews  by  experts  in  the  field  to  the  extent  afforded  all 
other  candidate  engines.  The  enclosed  critique  by  SES  will  serve  you  as 
a first  major  review  iteration  since  the  partial  draft  review  of  September 
1974.  We  would  be  pleased  to  continue  this  dialogue  in  support  of 
revisions  to  the  current  report  on  future  vehicle  studies. 


B,  Rhoads'  Stephenson 

DCT  1 0 19TS 
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Dr.  R;  Rhoads  Stephenson 
Page  2 


RLp-293 
8 October  1975 


The  SES  critique  will  be  given  limited  circulation  within  ERDA  and 
experts  in  the  field  pending  any  comments  you  may  wish  to  make.  I look 
forward  to  discussing  this  matter  with  you  at  your  October  SAE  presenta- 
tion. 


Very  truly  yours, 


Roger  L.  Dernier 
Program  Manager 


RLD/lh 

Enclosure 

cc:  F.  Pompei 

P.C.  Ricks 
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INTRODUCTION 


SES  has  been  engaged  in  automotive  steam  engine  development  for 
seven  years.  For  the  past  four  years  SES  has  been  conducting  this  work 
under  EPA/ERDA  contract.  A part  of  this  work  has  been  applied  to  the 
future  potential  of  the  automotive  steam  engine.  With  this  background, 
SES  has  prepared  a critique  of  the  Jet  Propulsion  Laboratory  report 
"Should  We  Have  a New  Engine,  An  Automobile  Power  System  Evaluation" 
19Y5..  This  critique  has  focused  solely  on  the  Rankine  or  steam  engine 
evaluation. 


SUMMARY 


Six  fundamental  oversights  by  JPL  invalidate  their  steam  engine 
analysis:  - 

1.  A thermodynamic  error  in  positive  displacement  expander 
efficiency  analysis  results  in  a significant  underestimate 
of  the  steam  engine's  efficiency, 

2.  The  expander  analysis  error  also  incorrectly  eliminates  the 
variable  admission  expander.  The  variable  admission  ex- 
pander would  have  a dramatic  impact  on  cost  and  fuel 
economy  through  a reduction  in  maximum  power  required, 
improved  part  load  efficiency  and  lower  system  pressures. 
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3.  Misinterpretation  and  modification  of  SES  vapor  generator  data 
erroneously  resulted  in  a major  cost  penalty  to  the  steam  engine. 
A state-of-the-art  vapor  generator  design  analysis  by  SES  for 
the  JPL  mature  steam  engine  results  in  a 66%  lower  vapor 
generator  materials  cost. 

4.  JPL,  in  essence,  conducted  a cursory  cost  reduction  study 
of  the  first  modern  generation  of  research  steam  engines. 

The  necessarily  conservative  concepts  of  these  research 
engines  were  not  treated  to  the  same  scrutiny  and  cost  con- 
scious projections  afforded  the  other  unconventional  engines. 

5.  JPL  dismissed  without  apparent  analysis  a very  cost-effective 
steam  engine  design  submitted  by  SES.  This  reheat  cycle, 
variable  admission  system  is  second  only  to  the  JPL  Stirling 
engine  in  efficiency  and  it  is  cost  competitive.  The  fuel  economy 
and  cost  projections  by  SES  for  the  steam  engine  are  ranked 
below  with  the  JPL  alternatives. 

6.  JPL  was  unjustifiably  pessimistic  in  their  development 
prognosis  for  the  steam  engine.  The  "reheat  cycle"  concept 
provided  by  SES  requires  only  two  technical  advances:  the 
durability  demonstration  of  a reheat  expander  and  the  develop- 
ment of  the  reheat  boiler  control  strategy. 

To  achieve  the  projected  efficiency  no  improvement  is 
required  in:  component  efficiencies,  materials,  heat  exchanger 
effectiveness,  emissions,  nor  system  dynamics. 
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• EQUIVALENT  PERFORMANCE  COMPACT  CARS 
MATURE  ENGINES 


ENGINE 

COMPOSITE  (1) 
FUEL  ECONOMY 

RELATIVE  ENGINE 
SELLING  PRICE 

STIRLING  (JPL) 

31  MPG 

$100% 

STEAM  (SES) 

29 

91% 

GAS  TURBINE  (JPL) 
SINGLE  SHAFT,  CVT  (2) 

28 

86% 

GAS  TURBINE  (JPL) 
FREE  TURBINE 

25 

100% 

DIESEL  (JPL)  (1) 

24 

92% 

STRATIFIED  CHARGE  (JPL)(1) 

23 

85% 

OTTO  (150  HP) 

22 

82% 

(1)  55%  Urban  FDC,  45%  Highway  FDC 
Less  than  0.41  grams  per  mile  NO^ 

Except  Diesel  and  stratified  charge  at  1 to  Ij  grams  per  mile  NO^ 

(2)  Continuously  variable  transmission  at  no  cost  increase 


SUPPORTING  DATA 

A series  of  SES  notes  is  enclosed  with  a copy  of  the  JPL  Rankine 
engine  chapter  annotated  with  margin  keys  to  the  SES  notes. 

A summary  briefing  on  the  reheat  cycle  steam  engine  design  provides 
the  general  strategy  of  this  engine. 
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(1)  Turbine  Expanders  (JPL  Page  7-3) 

No  modern  example  of  a multistage  automotive  size  steam  turbine 
has  been  tested.  The  low  efficiencies  reported  for  single  or  two  stage 
turbines  are  primarily  due  to  the  very  high  stage  loadings,  not  size.  The 
losses  due  to  small  turbine  size  are  not  predicted  to  be  extreme.  Pro  - 
ducibility,  efficiency  levels,  possible  with  producible  hardware,  and  off 
design  point  performance  are  problems  that  need  empirical  investigation. 

(2)  Alternative  Positive  Displacement  Expanders  (JPL  Page  7-3) 

Positive  displacement  steam  expander  types  other  than  the  piston  and 

cylinder  type  are  virtual  unknowns.  Limited  data  on  a proprietary  vane 

; 

type  steam  expander^  under  development  at  GE  and  limited  Wankel  tests 
conducted  by  the  Navy  do  not  rule  out  these  types,  considering  the  per- 
formance achieved  in  their  first  generation  tests. 

(3)  Expander  Efficiency  - Variable  Versus  Fixed  Admission  (JPL  Page  7-3) 

The  limited  published  data  on  expander  tests  of  variable  admission  and 
fixed  admission  expanders  indicate  that  the  variable  admission  expander 
has  a higher  peak  efficiency  and  a higher  efficiency  over  its  entire  load 
range.  The  SES  variable  admission  expander  (JPL  Ref.  7-9)  and  the  GM 
SE-101  fixed  admission  expander  (SAE  729142,  Fig.  17)  illustrate  this 
point.  Note  that  the  SES  variable  admission  expander  exhibits  higher' 
efficiency,  based  on  the  total  pressure  ratio  available,  even  though  it  operates 
at  a higher  temperature  and  pressure  ratio  than  the  fixed  admission  expander. 
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The  higher  temperature  would  suggest  a lower  potential  expander  efficiency- 
due  to  increased  thermal  losses.  Higher  pressure  ratio  would  also  tend  to 
increase  under  expans  ion  losses. 

That  being  the  case,  the  variable  admission  expander  is  preferred 
because  the  best  system  efficiency  island  can  be  positioned  close  to  the 
road  load  curve  -without  resorting  to  very  high  steam  pressures  for  maxi- 
mum power,  variable  boiler  pressure  power  control,  and  the  associated 
response  problem.  The  variable  admission  expander  can  also  provide 
much  higher  torque  backup  (constant  power  over  a large  portion  of  the 
speed  range,  resulting  in  a lower  peak  "installed”  power  for  equal  per- 
formance). 

(4)  Expander  Speed  and  Displacement  (JPL  Page  7-3) 

The  question  of  high  speed  capability  for  weight  and  size  reduction  and 
reduced  thermal  loss  must  be  put  in  perspective.  For  a given  maximum 
cycle  temperature  and  pressure,  reducing  piston  area  will  reduce  -thermal 
losses.  Reduced  displacement  will  also  reduce  weight  and  size.  Selection 
of  the  desired  piston  speed  must  be  a trade-off  between  increasing  friction 
and  reduced  thermal  loss.  A major  advantage  of  the  variable  admission 
expander  is  that  it  provdes  the  ability  to  minimize  piston  area  and  displace- 
ment while  simultaneously  reducing  piston  speed,  resulting  in  superior 
part  load  efficiency  because  of  compactness  and  low  piston  speed.  As  an 
example,  a comparison  of  the  current  SES  variable  admission  lype  expander 
and  the  current  Carter  fixed  admission  expander  can  be  made:  For  the 

same  peak  cycle  pressure  of  2000  psi  (both  having  4 single  acting  pistons). 
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current  piston  speed  mechanical  considerations  and  expander  efficiencies, 
the  following  expander  configurations  result  for  a maximum  horsepower  of 
70. 


Fixed  Admission 

Variable  Admission 

Max  hp 

70 

70 

Average  Power  From 
50%  to  100%  Speed 

Appr  oximately 
55  hp 

70  hp 

Maximum  Speed 

5,  000  rpm 

4, 400  rpm 

Relative  Piston  Area 

100% 

79% 

Relative  Displacement 

100% 

(35  cu.  in. ) 

70% 

(25  cu.  in. ) 

Relative  Pisuon  Speed 

100% 

(2300  ft/min) 

• 78% 

(1460  ft/min) 

The  variable  admission  expander  was  sized  to  deliver  a constant  70  hp 
in  the  50%  to  100%  speed  range  by  virtue  of  variable  admission,  and  is 
obviously  oversized  for  the  same  application  as  the  fixed  admission  expander. 

This  comparison  clearly  demonstrates  that  the  variable  admission  ex*- 

m 

pander  has  the  potential  for  lower  displacement,  lower  thermal  loss  and 
lower  friction  loss  than  the  fixed  admission  expander,  when  used  in  the 
same  cycle. 

(5)  Erroneous  System  Efficiency  Calculations  Based  On  JPL 

Thermodynamic  Error  in  Expander  Analysis  (JPL  Page  7-3) 

The  thermod3mamics  employed  by  JPL  in  calculating  expander  efficiency 
are  fundamentally  in  error.  The  analyst  neglected  to  account  for  the  work 
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done  by  the  steam  during  the  admission  period.  Based  on  this  error,  all  of 
the  conclusions  reached  by  JPL  concerning  potential  expander  efficiencies, 
cycle  efficiencies,  regenerator  size  and  fuel  economy  are  grossly  in  error. 
The  gross  magnitude  of  this  error  is  illustrated  by  a moderate  power  data 
point  taken  from  SES's  expander  tests.  Properly  defining  expander  efficiency 
as  the  net  work  per  pound  of  steam  divided  by  the  ideal  adiabatic  expansion 
work  per  pound  of  steam  through  the  total  pressure  ratio  across  the  expander, 
(boiler  outlet  pressure  to  condesner  inlet  pressure)  the  comparison  of  test 
and  theoretical  performance  of  the  sample  data  point  is  as  follows: 

ACTUAL  EXPANDER  EFFICIENCY  VERSUS 
JPL  EFFICIENCY  EQUATION 


Total  Pressure  Ratio  50 

Actual  Expansion  Ratio  5. 8 

Ideal  Expander  Efficiency: 

As  tested  configuration  - 81% 

JPL  State-of-The  Art  Projected  Efficiency 

(^exp  a-  74%  per  JPL  equation  7-5)  51% 

Measured^Expander  Brake  Efficiency  65% 

Percent  Error  in  JPL  Projected 

Expander  Efficiency  -22% 


The  22%  penalty  in  expander  efficiency  translates  into  far  more  than  a 
28%  penalty  in  fuel  consumption  for  this  comparison  when  the  error  is  carried 
through  the  system  weight,  auxiliary  power  required,  vehicle  weight  and  ' 
required  total -power  model. 
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Conversely,  using  the  JPL  definition  of  expander  efficiency,  this  SES 
data  point  produces  a 95%  efficiency  while  JPL  claims  the  state-of-the-art 
is  only  74%.  In  the  extreme  case,  a 100%  admission  (zero  expansion  ratio) 
expander  would  have,  by  JPL  definition,  infinite  efficiency,  as  such  expanders 
do  produce  power. 

On  30  September,  1974,  Dr.  L.  C.  Hoagland  of  SES  visited  with  JPL 
staff  members  to  review  an  early  draft  of  their  automotive  power  system 
evaluation  report.  Over  a four  hour  period,  extensive  comments  and  cor- 
rections were  provided  and  explained  to  them.  JPL  apologized  for  the 
superficial  and  invalid  thermodynamic  analysis  and  explained  that  only  two 
weeks  were  available  to  pull  together  this  draft.  JPL  agreed  that  the  thermo- 
dynamics, particularly  regarding  expanders,  was  invalid.  A year  later  we 
see  that  the  expander  and,  therefore,  system  efficiency  analysis  is  still 
invalid. 

The  following  ideal  gas  formulas  will  provide,  with  reasonable  theo- 
retical accuracy,  ideal  expander  steam  flow  and  efficiency  for  specific 
me  chanic  al  configurations . 


^ (\  - 
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IDEAL  INDICATED  EXPANDER  PERFORMANCE 
WITH  INTAKE  PRESSURE  CORRECTION 
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A sample  using  the  current  SES  expander  configuration  will  illustrate 
the  general  characteristics  of  positive  displacement  expanders. 

For  three  cut-offs  corresponding  to  expansion  ratios  of  13.  6,  9.4  and 
5.  8 and  for  three  breathing  effectivenesses  of  1.  0,  0.  9 and  0.  724,  the  fol- 
lowing ideal  indicated  expander  efficiency  curves  result. 


Expander 

Efficiency 

(%) 


Notes: 


Performance  For: 


^Pc  ■ 

36.2 

Cl  = 

0.057 

E = 

0. 1465 

Ps  = 

1000  psia 

Ts  = 

1000°F 

Pc  = 

20  psia 

Except  That: 

= 2.0,  Ideal  Point  For 

Pg  = 2000  psia 

Without  Intake  Pressure  Loss  and 
Exp.  Eff.  Increased 
5%  for  Potentially  Improved  Cycle 
Efficiency 


SES  Brake  Performance  At: 

1000  rpm  with  4 cylinder  135  cu.in.  displ.  with  breathing,  thermal, 
leakage  and  friction  losses. 
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Immediately  evident  from  the  above  curves  is  the  fact  that  intake  pressure 
loss  is  primarily  a loss  in.  total  power,  with  a trivial  loss  in  specific  steam 
consumption  or  efficiency.  In  addition,  the  cycle  efficiency  is  not  significantly 
affected,  since  reduced  steam  flow  proportionately  reduces  total  pump  work. 

This  dispells  the  myth  that  breathing  is  a critical  component  of  expander 
efficiency.  A brief  explanation  of  this  phenonenom  is  that  the  expander  work 
at  a given  cut-off  is  primarily  a function  of  inlet  temperature  and  mechanical 
expansion  ratio.  The  uniflow  expander  with  symetrical  exhaust  timing  either 
side  of  bottom  dead  center  always  operates  over  a fixed  expansion  ratio  at  a 
given  cut-off,  independent  of  inlet  pressure  or  inlet  pressure  loss. 

The  above  analysis  and  curves  can  also  be  used  to  study  the  fixed  admission 
expander  variable  boiler  pressure  case.  Interpreting  the  breathing  effectiveness 
as  percent  of  maximum  boiler  pressure,  the  throttling  process  does  not  signif- 
icantly change  the  indicated  efficiency.  Extending  the  13.6  expansion  ratio  out 
to  twice  the  reference  pressure^ratio,  the  expander  efficiency  is  about  5 per- 
cent higher  than  the  variable  admission  fixed  pressure  case  at  the  same  bmep. 
The  fixed  admission  expander  efficiency  at  this  point,  based  on  the  ideal  work 
of  the  higher  pressure  ratio,  is  actually  the  same  as  the  variable  admission 
expander,  but  the  fixed  admission  expander  efficiency  is  given  a 5 percent 
credit  for  the  potentially  higher  cycle  efficiency. 

As  noted  before,  the  theoretical  efficiency  gains  of  high  expansion  ratios 
are  not  realized  in  actual  practice.  SES  experience  indicates  that  the  efficiency 
is  fairly  constant  over  a cut-off  range  of  . 04  to  0. 15,  falling  off  rapidly  below 
. 04,  and  decreasing  slowly  above  0. 15.  Current  brake  efficiency  versus 
bmep  data  for  the  SES  expander  is  also  shown  on  the  above  graph.  Evidently,  . 
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friction  and  heat  transfer  losses  dominate  the  performance  at  high  expansion 
ratios  (low  specific  power). 

The  advantage  of  variable  admission  over  fixed  admission  now  becomes 
clear.  The  0,  01  fixed  cut-off  high  pressure  case  compared  to  a 0. 15 
variable  cut-off  at  normal  pressure  results  in  fixed  cut-off  IMEP  of  185  psi 
and  a variable  cut-off  IMEP  of  320.  Even  at  twice  the  boiler  pressure,  the 
fixed  admission  expander  produces  42%  lower  power  than  the  variable  admission 
expander.  The  light  load  ideal  efficiencies  are  nearly  identical,  but  the  light 
load  brake  efficiency  of  the  fixed  admission  expander  will  be  significantly 
lower  as  it  either  has  higher  thermal  losses,  if  the  displacement  is  increased 
to  provide  equal  power,  or  the  friction  loss  will  be  higher  if  a 73%  higher 
piston  speed  is  used  to  maintain  the  same  displacement; 

Raising  the  fixed  admission  systems  boiler  pressure  even  higher  or  select- 
ing a higher  fixed  cut-off;  can,  of  course,  finally  result  in  a match  with  the 
variable  cut-off  system  bmep,  but  the  expander  and  system  consequences 
are  severe.  The  feedpump,  boiler  and  expander  must  be  designed  to  adequately 
cope  with  the  maximum  cycle  pressure  even  if  the  high  pressure  is  only  en- 
countered intermittantly. 

A significant  constraint  on  the  simple  bash  valve,  fixed  admission  expander 
is  that  the  intake  process  is  symmetrical  around  top  dead  center  (TDC).  The 
intake  valve  opens  the  same  number  of  degrees  before  TDC  as  it  does  in  closing 
after  TDC  for  ending  the  admission  process.  Any  steam  flow  into  the  cylinder 
during  the  compression  stroke  obviously  detracts  from  the  net  power  and  re- 
duces efficiency.  A small  intake  lead  angle  can  be  benificial  as  it  improves 
volumetric  efficiency  at  higher  piston  speeds.  Lead  angles  of  about  10°  can  be 
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used  without  a substantial  loss  at  moderate  loads,  but  for  symmetrical  valve 
timing  this  results  in  a cut-off  of  only  . 008,  and  a very  low  specific  output. 

To  avoid  this  compression  stroke  loss  in  a higher  specific  output  fixed 
admission  expander,  some  type  of  assymetrical  valve  mechanism  is  required, 
be  it  a cam  and  tappet  system  or  some  form  of  timed  release  latch  mechanism 
on  the  bash  valve.  Once  the  basic  assymetrical  valve  timing  system  is 
introduced,  only  a little  additional  complexity  will  provide  a variable  admission, 
moderate  peak  pressure  system. 

(6)  The  Near  Term  Superior  Efficiency,  "Reheat  Cycle”  Steam  Engine 

(JPL  Page  7-3) 

JPL  chose  not  to  explore  one  very  efficient,  mature  engine  presented  to 
them;  the  "reheat  cycle ” steam  engine,  {JPL  REF.  T-Sl),  The  saliant  data 
characterizing  heat  engines,  based  on  SES  estimates  for  the  mature  Rankine 
engine  and  the  JPL  data  for  all  other  engines,  is  tabulated  on  the  following 
page. 

The  high  efficiency  Rankine  engine  can  operate  at  a lower  temperature 
and  pressure  than  the  extreme  conditions  employed  by  other  engines.  It 
can  also  deliver  a higher  fraction  of  the  ideal  efficiency  with  regeneration 
even  with  modest  component  performance,  by  virtue  of  the  extremely  low 
liquid'  compression  work  required. 

A "Summary  Briefing"  by  SES,  Au^st  1975,  on  the  reheat  automotive 
steam  engine  concept  is  enclosed  for  further  details.  This  briefing  presents 
' a refinement  of  the  data  and  concept  since  JPL's  inquiry  of  a year  ago.  The 
Mark  II  mature  engine  design  configuration  has  a baseline  net  engine  brake 
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CHARACTERISTICS  OF  MATURE 

HEAT  ENGINES 

CYCLE  THERMAL  EFFICIENCY 

AND 

ENGINE  WEIGHT 

MATURE  -TECHNOLOGY 

TEMPERATURES 

MAXIMUM 

IDEAL  BRAKE 

150  HP 
ENGINE 
WEIGHT 

ENGINE  TYPE 

EFFICIENCY 

EFFICIENCY 

POUNDS 

COMMENTS 

BRAYTON  CREGNERATED:)  . 

66% 

33% 

366 

SINGLE  SHAFT  WITH  CONTINUOUSLY 

PRESS  RATIO  = 
AMBIENT  TEMP  = 
T3  = 1900°F 

4:1 

85°F 

66% 

30% 

413 

VARIABLE  TRANSMISSION 

FREE  TURBINE  WITH  CONVENTIONAL 
TRANSMISSION  . 

•ALL  COMPONENTS 

IMPROVED 

STIRLING 

- 1400°F 

Tl  = 160°F 

P,.  = 2850  PSIA 

'67% 

36% 

710 

7740 

ALL  COMPONENTS 

IMPROVED 

RANKINE  CREHEAT:) 

46% 

3 3% 

750 

150  HP  FROM  50  TO  100%  SPEED 

T^  = 1250°F 

"^REHEAT  “ 

Py^  = 1500  PSI 

Tl  = 155°F 

°F 

VARIABLE  ADMISSION 
PISTON  EXPANDER 

ALL  COMPONENTS 

AT.  CURRENT 

EFFICIENCIES 

DIESEL  CLIMITED  PRESSURE!) 

• 55% 

32%  _ 

■ 786 

TURBOCHARGED 

COMPRESSION  RATIO  = 15:1 
EQUIVALENCE  RATIO  = 0.6 


OTTO  CSPARK  IGNITION) 

COMPRESSION  RATIO  = 8:1 

'45% 

27% 

645 

EQUIVALENCE  RATIO  = 0,8 
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efficiency  of  31%  at  25%  power  with  current  component  efficiencies.  The 
actual  efficiency  of  the  developed  engine  will  of  course  be  higher  as  the 
component  technology  improves. 

You  will  note  in  the  briefing  that  the  mature  steam  engine  utilizes  con- 
servative technology,  compact  components,  and  only  small  quantities  of 
stainless  steel.  The  only  fundamental  technology  that  requires  feasibility 
demonstration  is  lubrication  of  the  expander  at  higher  steam  temperatures. 
Propellant  gas  expanders  for  torpedoes- have  run  for  extended  periods  with 
inlet  conditions  at  230CPf  and  5000  psi.  Satisfactory  life  can  be  expected 
for  the  proposed  1500°F,  lower  pressure  steam  engine. 

A very  significant  result  of  the  reheat  cycle  is  that  it  grossly  reduces 
engine  cost.  Through  increased  specific  oulput  and  higher  cycle  efficiency, 
the  boiler  and  condenser  sizes  are  reduced  substantially.  The  complete 
vapor  generator  {burner,  blower,  boiler)  is  reduced  to  less  than  8 percent 
of  the  engine  ready-to-run  weight.  The  condenser  is  only  9 percent  of  the 
engine  weight. 

The  JPL  suggestion  that  the  reheat  system  is  unacceptably  high  in  cost 
due  to  additional  complexity,  apparently  resulted  from  a superficial  analysis. 
The  only  component  that  increases  in  size  is  the  expander  which  now  requires 
more  displacement  through  additional  cylinders.  It  is  however,  no  more 
complicated  except  that  the  intake  and  exhaust  functions  are  performed  -with 
four  pipes  instead  of  two. 

The  boiler  requires  one  pass  in  series  with  the  first  stage  boUer  to  ac- 
complish the  reheat  function.  For  a 150  horsepower  engine  the  total  stainless 
steel  content  of  the  boiler  is  14  pounds,  and  no  superalloys  are  required. 
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Complexity  is  increased  again,  but  only  by  a doubling  of  the  external 
working  fluid  connections. 

No  increase  in  controls  complexity  is  anticipated,  with  the  possible 
exception  of  an  additional  monitoring  station  in  the  vapor  generator. 

(7)  JPL  Selected  The  Least  Promising  System  Concept  (JPL,  Page  7 -3) 

The  fixed  admission  .expander  variable  boiler  pressure  Rankine  engine  is, 
in  fact,  the  least  promising. 

(8)  Expander  Friction  Can  Be  A Minor  Efficiency  Loss  (JPL  Page  7-4) 

The  major  efficiency  loss  of  current  positive  displacement  expanders  is 
a complex  heat  transfer  mechanism.  At  moderate  loads  and  piston  speeds 
the  mechanical  efficiency  of  a well  designed,  high  bmep  variable  admission 
expander  is  about  95%.  The  high  speed,  high  expansion  ratio  fixed  admission 
expander  fundamentally  has  a lower  mechanical  efficiency  due  to  its  high 
piston  speed  and  high  recompression-to -expansion  work  ratio. 

(9)  Correction' To  Cycle  Efficiency  As  A Function  Of  Pressure  (JPL  Page  7-5) 

With  correct  thermodynamics  for  expander  analysis,  the  cycle  efficiency 
increases  steadily  with  increasing  pressure. 

(10)  High  Pressure  System  Compromises  (JPL  Page  10) 

Higher  steam  pressures  do  tend  to  decrease  expander  thermal  losses 
and  reduce  displacement,  but  a significant  compromise  must  be  made  in 
boiler  materials  content,  tubing  thickness -to-diameter  ratios,  pump  and 
expander  durability,  and  expander  structural  and  bearing  design. 
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(11)  Empirical  System  Evidence  That  JPL  Expander  Analysis  Is 

In  Error  (JPL  Page  7-6) 

As  is  evident  in  the  JPL  references,  the  SES  system  delivers  its 
maximum  efficiency  at  expansion  ratios  as  low  as  5.  2 (40°  cut-off  line). 

See  SES  Note  (12)  and  attached  system  performance  map. 

(12)  Alternative  Engine  Fuel  Economies  With  SES  Reheat  Cycle 

And  Party  Load  Efficiency  Matching  (JPL  Page  7-6) 

The  engine  performance  map  exhibited  by  JPL  in  Figure  7-8  is  not  for 
a present  Rankine  positive  displacement  variable  boiler  pressure  system  as 
stated  by  JPL.  It  is  in  fact  the  measured  performance  map  taken  from  the 
SES  variable  admission  fixed  boiler  pressure  system.  The  data  provided 
to  JPL  in  Reference  7-5  is  reproduced  below  ("Enclo  (2),  Fig.  l")  and 
presents  variable  admission  performance  over  a range  of  expcinsion  ratios 
of  15.  5 to  5.  2.  Note  that  JPL  has  added  two  bsfc  lines  (0.  85  and  0.  90)  in 
the  80  to  90  percent  power  range.  At  the  time  of  publication  of -the  reference, 
consistent  data  above  the  70  percent  power  level  and  higher  cut-offs  was 
not  available.  Since  that  time  additional  data  and  performance  estimations 
have  been  obtained  to  cover  the  complete  power  spectrum.  The  Mark  I 
Rankine  Cycle  engine  map  contained  in  the  SES  "Summary  Briefing"  is  an 
accurate  representation  of  the  current  cycle  and  component  perforrcance 
for  an  87  net  horsepower  system  operating  at  higher  cut-off  at  maximum 
power.  This  map  is  for  available  propulsive  power  and  accounts  for  current 
automotive  accessory  losses.  Even  on  this  conservative  basis,  the  bsfc  at 
maximum  power  is  less  than  0.85. 
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The  engine  map  shown  in  JPL  E’igure  7-8  does  not  represent  the 
complete  power  envelope  used  in  the  current  SES  system.  The  current 
engine  actually  produces  100  percent  power  from  50%  to  100%  speed  along 
an  essentially  constant  steam  flow  line.  As  described  in  SES  Note  4^  the 
variable  admission  expander  system  requires  15  to  20  percent  lower  max- 
imum horesepower  than  a fixed  admission  system.  This  installed  power 
reduction  carries  through  to  all  the  component  sizes  and  reduces  total 
engine  weight  for  the  same  performance. 

The  comparable  torque  curve  of  a 12  to  1 expansion  ratio,  1000  psi 
operating  line  for  the  system  proposed  by  JPL  can  be  represented  by  a 
16°  cut-off  line  on  the  original  SES  system  map,  well  below  the  best  system 
efficiency  potential  and  extremely  low  in  specific  power. 

The  original  SES  system  map  reproduced  as  JPL  Figure  7-8,  is,  as 
it  states,  on  a net  horsepower  basis.  The  bsfc  contours  are  therefore  on 
a net  engine  efficiency  basis  and  include  auxiliary  power  reductions  for  the 
feedpump,  combustion  air  blower  and  engine  required  electrical  power. 
Condenser  fan  power  is  not  deducted  as  noted.  The  condenser  fan  threshold 
is  shown  to  be  well  above  normal  cruise  loads  for  the  design  conditions 
(85°F  day).  The  normal  vehicle  accessory  powers  are  included  in  the  road 
load  curve.  The  present  Rankine  variable  admission  engine  maximum  brake 
(not  cycle)  efficiency  is  threfore  19%. 

Comparing  the  maximum  torque  curves  of  the  Stirling  engine  and  steam 
engine  maps  in  the  SES  "Summary  Briefing"  shows  that  the  torque  speed  . 
curves  are  essentially  identical.  The  engine  power  to  weight  ratios  are  also 
essentially  the  same  for  the  JPL  Mature  Stirling  and  the  SES  Mature  reheat 
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steam  engine  at  for  example,  500  pounds  each  at  100  horsepower.  Thus  the 
installed  horsepower  and  weight  should  also  be  identical.  The  fuel  economy 
then  becomes  only  a function  of  bsfc  versus  load.  Both  the  JPL.  Stirling 
and  SES  Rankine  engine  are  matched  for  high  efficiency  at  light  load.  The 
Stirling  engine  claiming  a 9 percent  higher  maximum  efficiency  could  be 
used  to  make  a first  order  estimate  of  steam  engine  fuel  economy  as  9 
percent  lower  than  the  Stirling.  Using  this  estimate  and  rearranging  the 
candidate  compact  cars  in  order  of  decreasing  fuel  economy  results  in 
the  following  table: 


MATURE  ENGINE  FUEL  ECONOMY 
COMPACT  CARS 


Engine 

Curb  Wt. 
(lb) 

Max 

HP 

Urban 
FDC,  MPG 

Highway 
FDC,  MPG 

JPL 

Stirling 

3050 

99 

26.  3 

37 

SES 

,Steam 

(Reheat  Cycle) 

3050. 

99 

24. 1 

33.9 

JPL 

Gas  Turbine 
(Single  Shaft) 

2660 

86- 

22.9  ' 

34.4 

JPL 

Gas  Turbine 
(Free  Turbine) 

2710 

89 

20.8 

30. 1 

JPL 

Diesel 

3340 

131 

20.7 

27.  5 

JPL 

OTTO 

(Spark  Ignition) 

3100 

125 

18.3 

27.  3 

Unfortunately,  the  JPL  report  does  not  include  the  various  projected 
engine  maps.  Judging  from  the  current  and  near  term  maps  included  in  the 
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SES  "Summary  Briefing",  the  steam  engine  would  have  even  higher  relative 
fuel  economy  since  the  part  load  efficiency  of  the  steam  engine  is  a far  better 
match  to  the  duty  cycle  than  any  of  the  candidates  in  their  current  or  near- 
term  forms.  For  example,  the  current  Ford-Stirling  engine  projection  has 
a best  efficiency  that  is  5 percent  higher  than  the  SES  mature  steam  engine, 
yet  it  has  a 16  percent  lower  fuel  economy  at  50  mph  (after  adjustment  to  a 
common  drive  train  efficiency).  The  point  of  this  example  is  that  the  JPL. 
projected  improvements  include  a significant  state-of-the-art  advance -in 
part  power  component  matching  just  to  catch  up  to  the  current  steam  engine 
light  load  efficiency  advantage. 

The  case  is  even  more  striking  for  the  JPL  gas  turbine.  Again,  from 
the  SES  "Summary  Briefing",  the  light  load  efficiency  of  the  Chrysler /ERDA 
Upgraded  Gas  Turbine  falls  very  rapidly  with  load,  as  shown  by  the  unfavor- 
able divergence  in  fuel  economy  relative  to  the  other  engine  types,  as 
vehicle  speed  is  reduced.  Note  that  this  projected  gas  turbine  performance 
already  includes  all  the  part  load  efficiency  props  included  in  the  JPL  pro-^ 
jection  (variable  geometry  compressor,  variable  geometry  power  turbine, 
improved  component  efficiencies),  plus  it  also  incorporates  inlet  water 
injection  boost  to  shrink  the  basic  engine  size  by  19  percent.  This  feature 
is  projected  by  Chrysler  to  require  7.  5 gallons  of  water  for  every  10  gallons 
of  fuel  to  cover  extreme  driver  demands.  The  JPL  free  turbine  mature  gas 
turbine,  without  inlet  water  injection,  in  the  same  vehicle  size,  is  projected 
to  pay  only  a 15  percent  penalty  in  miles  per  gallon  relative  to  the  mature 
Stirling  engine,  after  discounting  their  relative  peak  cycle  efficiencies. 
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(13)  SES  "Projected”  System  and  Performance  is  Not  For  an 

Advanced  Engine  But  Only  A Mature  Version  of  The  Current 

Simple  Cycle  (JPL  Pages  7-6,  7-7,  and  7-8) 

The  "Projected"  SES  steam  engine  in  JPL  Tables  7~2  and  7-3  is  not 
an  "advanced"  engine  in  the  context  of  the  JPL  definition.  The  projected 
engine  is  best  represented  as  a mature  version  of  the  current  concept  in 
that  it  continues  with  the  conservative  first  generation  cycle  parameters 
and  single  stage  variable  admission  expander.  JPL  did  not  present  the 
mature  reheat  cycle  steam  engine  projection  provided  by  SES.  (See  SES 
notes  6 and  12  for  the  results). 

(14)  Clarification  of  SES  Emissions  Reduction  Technique  (JPL  Page  7-8) 

JPL  makes  the  statement  that  "step-quenching  can  be  very  effective  in 
controlling  exhaust  NO  levels  (but  not  more  so  than  charge  dilution  in  con- 
tinuous  combustors).  This  is  misleading  because  step  quenching  is  more 
desireable  than  charge  dilution.  While  it  is  true  that  both  step  quenching 
and  charge  dilution  (excess  air  and/or  EGR)'  can  be  employed  to  reduce  NO 
levels,  homogeneous  combustion  with  step  quenching  is  by  far  the  most 
"effective"  method  because,  unlike  .charge  dilution,  it  does  not  require  any 
penalty  in  either  system  efficiency  or  larger  component  size  and  weight.  When 
charge  dilution  is  employed  to  reduce  NO  levels,  the  total  combustion  gas 
flow  through  the  burner  and  heat  exchanger  is  increased.  If  the  heat  exchanger 
size  is  not  increased  to  handle  the  larger  flow,  then  the  exhaust  gas  temperature 
rises  causing  increased  stack -thermal  losses  and  reduced  system  efficiency. 

SES  does  not  use  EGR  in  its  burner;  rather,  hot  combustion  gas  re- 
circulation (CGR)  is  employed  for  the  primary  purpose  of  increasing  mixture 
temperature  for  rapid  fuel  vaporization. 
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(15)  The  Reheat  Cycle  Avoids  Extreme  Boiler  Design  Requirements 

(JPL  Page  7-9) 

The  SES  mature  "reheat  cycle"  steam  engine  avoids  the  extreme  2500 
psi  boiler  pressure  by  use  of  variable  expander  admission.  The  SES  reheat 
approach  is  designed  to  capitalize  on  the  capabilities  of  stainle'ss  steel 
through  the  equivalent  of  fixed  pressure  and  temperature  scheduling.  The 
first  expander  stage  receives  1250‘^F  steam  at  1500  psi,  and  the  second 
stage  runs  hotter  at  1500°F  but  at  a lower  pressure  of  400  psi.  Thus  the 
reheat  cycle  provides  a 40  percent  increase  in  efficiency  over  the  JPL 
mature  steam  cycle,  while  also  minimizing  the  boiler  and  expander  stainless 
steel  content.  This  is  accomplished  with  high  specific  output  and  avoidance 
of  simultaneous  operation  at  high  temperature  and  high  pressure  in  any  one 
system  location, 

(16)  SES  Freeze  Protection  Tests  (JPL  Page  7-10) 

SES  has  conduct  ed  closed  loop  freeze  protection  tests  consisting  of 
an  insulated  sump,  isolation  valves,  self  draining  feed  pump  and  condenser 
core.  The  loop  was  able  to  self  prime  and  run  with  60°F  water  in  the  sump 
and  the  rest  of  the  loop  cold  soaked  at  0°F.  Draining  of  the  very  small 
condenser  passages  has  been  a problem  and  requires  additional  testing  to 
determine  the  proper  passage  size  or  the  effectiveness  of  draining  aides 
such  as  wicking  or  blowdown  techniques.  Local  blockage  and  freezing 
could  be  tolerated  if  additional  core  compliance  can  be  built  in. 

(17)  JPL  Did  Not  Evaluate  The  Reheat  Cycle  System  Submitted  By  SES 

(JPL  Page  7-11) 

The  key  features  of  the  high  fuel  economy,  low  cost  steam  engine  pre- 
sented by  SES  to  JPL  were  not  given  a sound  technical  evaluation  by  JPL. 
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(18)  Current  Steam  Engine  Technology  Perspective  (JPL  Page  7-11) 

The  performance  of  existing  steam  engines  must  be  properly  placed 
on  the  technology  learning  curve  before  the  future  can  be  judged.  All  of 
the  steam  engines  cited  in  the  JPL  report  as  current  examples  are  in 
fact  each  companies ' first  generation  attempt  to  demonstrate  the  potential 
of  the  steam  engine.  Actually,  the  most  recent  technology  base  for  compact 
transportation  steam  engines  dates  back  to  the  limited  steam  locomotive 
developments  carried  out  in  the  1940  *s.  Primarily  because  of  the  fuel 
employed  (coal)  and  limited  materials  technology,  the  steam  locomotive 
ended  its  career  at  very  modest  cycle  conditions,  typically  250  psi  at  500°F. 
Some  of  the  steam  cars  of  the  1930 's  were  somewhat  more  ambitious, 
employing  steam  up  to  800'^P, 

Necessarily  then,  all  current  efforts  had  to  settle  for  very  modest  cycles 
in  order  to  minimize  mechanical  risk  in  first  generation  research  engines. 
None  of  the  current  efforts,  however,  have  been  given  the  opportunity  to 
fabricate  and  test  a second  generation  engine  based  on  the  new  technology 
foundation. 

SES  is  a good  case  in  point.  The  EPA  (now  ERDA)  Contract  put  first 
priority  on  very  low  emissions  in  a car  with  competitive  acceleration  per- 
formance, Potential  fuel  economy  had  to  be  compromised  to  limit  the 
mechanical  development  risk.  Four  years  ago,  when  the  basic  system 
concept  and  cycle  had  to  be  frozen,  there  was  no  technology  base  for  expander 
design.  The  other  major  system-  components,  however,  could  be  quickly 
designed  and  developed  with  parallel  technology  developed  for  other  applica- 
tions. 
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Very  early  in  the  program  it  was  clear  that  fche  maximum  expander 
efficiency  would  occur  at  very  high  power  due  to  light  load  heat  transfer 
losses.  At  that  time,  preliminary  design  was  completed  for  a new  four 
cylinder  expander  that  had  one  half  of  the  current  displacement  and  higher 
speed.  The  smaller  expander  if  fabricated,  would  have  increased  the  max- 
imum system  efficiency  somewhat,  but  more  importantly,  the  maximum 
system  efficiency  would  have  been  moved  from  about  half  power  down  to 
one  quarter  power.  Unfortunately,  the  combination  of  program  objectives 
and  long  lead  times  prohibited  the  procurement  of  the  improved  expander. 

Extensive  lubrication  research  has  been  conducted  at  current  cycle 
conditions.  A sound  technology  base  is  therefore  available  to  conduct  the 
mature  engine  design  and  development. 

An  interesting  contrast  to  the  restricted  expander  technology  is  the 
development  history  of  the  SES  vapor  generator.  Due  to  the  relative  ease 
of  fabrication  and  fundamental  heat  exchanger  technology  base,  SES  is 
now  running  the  fourth  basic  vapor  generator  configuration  since  the 
program  was  initiated.  The  present  boiler  weight  and  response  time  is 
dramicatically  lower  than  the  first  generations,  the  weight  having  been  re- 
duced from  165  pornids  to  92  pounds.  The  efficiency  has  also  "been  improved 
over  the  complete  operating  range. 

The  missing  expander  technology  base  centered  on  two  fundamental 
problems,  1)  high  temperature  lubrication  in  a steam  environment  and, 

2)  the  complex  analysis  of  the  periodic  flow  heat  exchanger  phenomenon 
in  the  steam  cylinder.  The  conservative  approach  to  the  lubrication  problem 
is  to  minimize  the  expander  specific  power  and  steam  inlet  temperature. 


•9-54- 


77-40 


Internal  combustion  engine  technology  would  indicate  that  the  efficiency 
loss  due  to  heat  transfer  would  be  minimized  at  higher  specific  power. 

The  basic  cycle  efficiency  is  strongly  dependent  upon  increasing  inlet 
temperature.  Thus,  the  key  ingrediants  of  high  efficiency  ran  counter 
to  conservative  lubrication  design. 

Four  years  ago  the  conservative  direction  was  obvious:  Design  for 
modest  specific  power  and  conservative  temperatures.  Since  that  time 
the  fundamental  objectives  of  the  preprototype  vehicle  program  have  not 
changed,  and  the  expander  retains  the  original  displacement  and  all  of  the 
component  concepts,  except  for  a change  in  admission  valve  sequence. 
Because  fundamental  analytical  and  emperical  research  have  been  con- 
ducted in  parallel,  it  is  now  possible  to  accurately  predict  expander 
performance  for  advanced  engines.  Of  particular  note  is  that  the  original 
design  effort  accurately  predicted  performance  for  those  features  that  had 
a direct  analogy  in  the  highly  developed  internal  combustion  engine,  such 
as,  valve  breathing,  bearings r crankshafts  and  cams. 

In  summary,  the  current  SES  expander  cannot  be  characterized  as 
" something  near  the  upper  limit  of  achievable  efficiency  for  this  type  of 
expander"  (variable  admission).  In  terms  of  improved  efficiency,  only 
one  change  in  the  expander,  the  admission  valve  sequence  reversal,  has 
ever  been  implemented. 

(19)  SuperaUoys  Are  Not  Required  in  the  Mature  Engine  Expander 

( JPL  Table  7-4) 

Current  SES  valves  are  cut-down  from  production  automotive  valves 
made  from  an  austenitic  steel  alloy  and  not  a superalloy  as  listed  by  JPL. 
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(20)  The  Reheat  Cycle  Provides  Superior  Materials  Utilization 

(JPL  Page  7-13) 

JPL  has  overlooked  the  superior  materials  utilization  of  the  reheat 
cycle.  A 40  percent  higher  efficiency  is  possible  at  the  same  temperature 
level  as  the  JPL  Mature  Rankine  cycle  but  at  lower  pressures. 

(21)  Variable  Boiler  Pressure  System  Constraints  (JPL  Page  7-13) 

Only  very  limited  pressure  - temperature  scheduling  is  practical 
since,  under  dynamic  conditions  in  the  actual  duty  cycle,  the  coincidence 
of  high  pressure  and  high  temperature  cannot  be  totally  avoided.  Another 
major  constraint  must  be  considered.  For  the  variable  boiler  pressure, 
fixed  admission  expander  system,  the  throttle  response  is  totally  dependent 
upon  the  pressure  response  of  the  boiler.  A key  parameter  in  pressure 
response  is  the  metal  thermal  energy  increase  and/or  shift  within  the 
boiler  tubing.  As  increasing  pressure  raises  the  boiling  point,  a rapid 
increase  in  boiler  pressure  and  flow  requires  a rapid  increase  in  boiler 
metal  temperature  and  energy  content,  as  well  as  the  rapid  increase  in 
net  heat  transfer  to  the  steam. 

<22)  Expander  Lubrication  Analysis  (JPL  Page  7~13) 

The  lubrication  picture  looks  fairly  bright  at  this  time.  SES  recently 
completed  a 150  hour  durability  test  with  no  measurable  wear  on  the  liner 
or  rings-  The  test  was  conducted  with  1000°F,  1000  psi  inlet  steam  over  a 
variable  load  schedule  up  to  230  bmep  with  hard  coated  rings,  a natural 
hydrocarbon  oil  base  stock  and  a high  polymer  low  volatility  additive  for 
upper  ring  protection.  - The  liner  temperature  reached  Y00°F  at  the  top  ring 
travel.  Cylinder  lubricating  oil  was  provided  by  the  usual  automotive  practice 
of  crankcase  splash  lubrication  and  a lower  oil  control  ring. 
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Steam,  engine  cylinder  lubrication,  fortunately,  is  considerably  sim- 
plified, in  that  there  is  little  oxygen,  only  water  vapor  in  the  cylinder  and 
crankcase.  There  are  no. combustion  products  or  combustion  temperatures 
to  contend  with,  and  there  are  now  available  several  synthetic  lubricants- 
that  are  compatible  with  water  and  that  also  have  much  lower  volatility. 

N 

At  the  moderate -to -high  bmeps  that  are  desired  for  high  expander 
efficiency,  it  has  been  found  that  expansion  and  recompression  are  es- 
sentially adiabatic.  It  is  only  during  this  phase  that  the  liner  zone  tra- 
versed by  the  rings  is  exposed,  suggesting  that  cooling  of  this  zone  to 
promote  lubricant  life  will  not  materially  reduce  efficiency.  Steam 
Power  Systems  is  preceding  with  this  approach  for  a 1400°F,  variable 
admission  expander  (Ref:  lECEC  949127). 

Both  liquid  and  solid  lubrication  should  be  researched  for  the  mature 
expander.  The  conservative  approach  for  liquid  lubricaction  would  envolve- 
a counter  flow  expander.  While  the  thermal  loss  for  the  counterflow  would 
tend  to  be  higher  than  for  a uniflow  expander,  the  net  affect  on  cycle  ef- 
ficiency could  be  beneficial.  A much  higher  fraction  of  the  thermal  loss 
would  be  carried  out  by  the  exhaust  steam.  With  the  reheat  and  regeneration 
cycle,  a substantial  portion  of  the  thermal  loss  will  be  recovered  downstream, 
unlike  the  early  open  cycle  engines  that  rejected  aU  heat  transfer  losses. 

Solid  lubricants  for  steam  engines  have  not  been  extensively  researched. 
The  GE  carbon  ring  work,  under  EPA/AAPS  contract,  was  fairly  encourag- 
ing based  on  the  short,  one-shot  project.  Skoda  built  a carbon  lubricated 
steam  expander  (700°F,  610  psi,  100  bmep,  81  percent  efficiency)  that  had 
run  for  8000  hours  at  the  time  it  was  reported  (Ref.  The  Engineer's  Digest, 
August,  1945). 
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(23)  The  Advanced  Reheat  Cycle  (JPL  Page  7-14) 


An  advanced  reheat  cycle  with  better  materials  utilization  and  a higher 
ideal  cycle  efficiency  potential  could  take  the  following  form: 


First  Stage  Inlet; 

Second  Stage  Inlet: 
Condenser  Pressure: 
Expander  Stage  Eff. : 

Pump  Efficiency: 
Regenerator  Effectiveness: 
Brake  Thermal  Efficiency: 
Ideal  Cycle  Efficiency: 


2000°F,  2000  psi 
2250°F,  500  psi 

8 psia 
75%  each 


60% 

90% 

40% 

55% 


Note  that  the  regnerated  steam  engine  can  deliver  a much  higher  return 
on  its  ideal  efficiency  with  a very  modest  expander  efficiency.  Unlike  all  of 
the  other  alternative  engines  that  produce  their  working  pressure  ratio  by 
compressing  a gas,  the  steam  engine  generates  its  pressure  with  an  incom- 
pressible fluid.  For  both  the  mature  and  advanced  steam  cycles,  the  ideal 
pump  work  is  less  than  1 percent  of  the  net  work.  Expander  inefficiency 
recovered  through  the  regenerator  and  returned  to  the  boiler  inlet,  entails 
a negligible  pump  work  penalty  while  being  returned  through  the  cycle.  The 
recuperator,  at  a moderate  90  percent  effectiveness,  can  therefore  reduce 
the  expander  inefficiency  by  more  than  two  thirds  of  the  apparant  loss. 
Similarly,  the  high  pressure  expander  stage  inefficiency  is  substantially 
recovered  since  the  increased  exhaust  energy  reduces  the  heating  load  on 
the  reheat  section  of  the  boiler. 
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(24)  Corrections  To  And  Reheat  Cycle  Results  For  the  JPL  Materials 

And  Froducibility  Section  (JPLi  Pages  7-14  thru  7-19,  Section  7.  3.  3) 

There  are  three  areas  of  comment  in  this  section: 

1)  JPL  misinterpreted  and  modified  the  vapor  generator 
data  provided  by  SES. 

2)  JPL  has  carried  forward  to  a significant  .extent  the 
conservative  materials  employed  in  the  current 
first  generation  research  engines. 

3)  JPL,  by  eliminating  the  reheat  cycle  from  considera- 
tion, has  rejected  the  lowest  cost,  highest  efficiency 
steam  engine. 

The  mature  reheat  cycle  steam  engine  design  at  SES  is  in  the  concept 
formulation  and  design  trade-off  stage,  so  that  a complete  materials  break- 
down is  not  now  available.  The  major  design  emphasis  has  been  placed  on 
the  cost  intensive  areas.  The  extensive  annotations  by  SES  that  precede 
this  section  deal  primarily  with  the  three  way  trade-off  between  fuel 
economy,  individual  component-  cost  density,  and  redistribution  of  com- 
ponent sizes  through  cycle  changes. 

Early  in  the  advanced  engine  study  SES,  as  has  JPL,  proceeded  on 
the  brute  force  approach  to  cycle  efficiency  with  the  higher  temperature 
and  higher  pressure  simple  cycle.  Superficially,  the  compound  and  reheat 
cycle  appears  to  be  too  complex,  and  therefore  costly.  With  initial  reluct- 
ance, the  brute  force  path  was  abandoned  since  current  materials  capa- 
bilities could  not  yield  a sufficient  advantage  over  the  economy  of  the  spark 
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ignition  Otto  cycle  with  its  anticipated  improvements  in  a fuel  conservative, 
climate.  In  the  past  year  SES  has  thus  taken  a hard  look  at  the  first  order 
cost /efficiency  trade-offs  for  a wide  range  of  cycles  and  materials  pos- 
sibilities. Now  that  a substantial  technology  research  base  has  been 
digested,  the  evolution  of  the  modern  automotive  steam  engine  can  be 
approached  with  more  precision  and  with  a design -to -cost  attitude. 

The  first  two  areas  of  comment  on  costs  (miss  use  of  both  the  SES 
data  and  JPL  general  conservatism)  are  necessarily  directed  at  the 
specific  system  selected  by  JPL  for  the  mature  Rankine  engine.  As 
stated  above  this  fixed  admission  expander,  high  boiler  pressure  system 
is  not  believed  to  be  the  proper  direction  for  development.  It  is,  however, 
important  to  point  out  the  errors  in  the  JPL  evaluation  as  they  have  a 
critical  impact  on  the  overall  JPL  study  results. 

1)  Misinterpretation  and  Modification  of  SES  Vapor  Generator  Data 

A major  cost  disadvantage  was  attributed  by  JPL  to  the 
boiler  stainless  steel  content.  SES  provided  JPL  with  a 
detailed  vapor  generator  materials  breakdown  of  a 150  horse- 
power system  representing  a proposed  production  design  of 
the  current  conservative  cycle  of  1000  psi  and  1000°F.  The 
JPL  materials  breakdown  for  their  mature  Rankine  cycle  at 
2500  psi  and  1000°F  is  presented  below  in  parallel  with  the 
SES  materials  data. 

The  similarity  of  the  weights  in  some  key  areas  is  apparent 
(fins,  housing,  insulation,  and  ducts  and  miscellaneous  parts). 
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VAPOR  GENERATOR  MATERIALS 


JPL  Mature 

COMPONENT  OR  Conf iquration 

SES  Prod.  Est. 
for  Current  Cycle 

Component  Or 

SUBASSEMBLY 

Weight, lb 

Mat'  1 

Weight,!  b 

- Subassembly 

Preheater  Fins 

5 

Alum 

A1  urn 

4.1 

Economizer  Fins 

Evaporator  Fins 

10 

Steel . 

Steel 

10.2 

Evaporator  Fins 

Vapor  Gen.  Tubing 

99 

Stainless 

Stainless 

Alloy 

Alloy 

6.7 

11.8 

5.6 

(240) 

Superheater  Tube 
Evaporator  Tubing 

Economizer  Tubing 

Vapor  Gen. 
Housing 

25 

Stain! ess 

Steel 

Steel 

(Aluminized) 

Blower  Casing 
H-X  Casing 

Insulation 

3 

— 

Fiberfrax 

Fiberglass 

1.4 

1.6 

Insulation 

Insulation 

Combustor 

Atomizer 

3 

Stainless 

Steel 

0.3 

Fuel  Nozzle 

Combustor 
B1 ower 

2 

Alum 

1.0 

B1 ower 

Combustor  Liner 

1 

Superalloy 

(Inconel ) 
Superal loy 

1.3 

No  "Liner"  Req'd. 
Inlet  (Recirc.)  Duct 

Ignition  Assembly 

■ 5 

Mi seel . 

Stainless 

0.1 

Ignitor  & Preheater 

Air  cleaner. 
Ducts,  Diffuser,  ■ 
etc. 

11 

Mi seel . 

Steel 

Steel 

Stainless 

Alum. 

Steel 

Alum. 

Inlet  Duct 
Diffuser 
Flameholder 
Air  Valve  Housing 
Air  Valve  Assy 
Flow  Straightener 
Mi seel.  Structure 

Total  Wt. 

Less  Drive  Motor  164  lb 

Materials  Summary 

75.2  lb 

Total  Weight 
Less  Drive  Motor 

JPL,  Lb.  SES,  Lb. 

Superalloy 

1 

1.3 

Austenite  Stainless  Steel 

127 

7.5 

Alloy  Steel  (T-22) 

None 

17.4 

Carbon  Steel 

10 

36.4 

A1 umi num 

7 

6.6 

Insulation 

3 

3 

Miscellaneous 

16 

None 

164 

75.2 
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The  mature  system  boiler  was  apparently  derived  from  the 
SES  data  but  the  results  are  illogical. 

SES  has  reviewed  the  design  requirements  of  the  JPL 
mature  Rankine  engine  boiler.  Based  on  current  SES 
design  practice  for  the  SES  reference  vapor  generator, 
the  same  pressure  drop,  gas  side  heat  transfer  coefficient 
and  stress  margins,  results  in  a superheater  weight  for  the 
JPL  boiler  of  twice  the  reference  design  weight.  For  a 
conservative  estimate,  the  entire  tube  bundle  would  double 
in  weight  with  constant  fin  weight.  JPL  increased  the  tubing 
weight  by  310  percent  and  changed  all  the  tubing  to  stainless 
steel,  adding  92  pounds  of  stainless  steel  to  the  reference 
design.  The  SES  design'  analysis  added  less  than  .7  pounds 
of  stainless  steel. 

JPL  added  another  25  pounds  of  stainless  steel  by  making 
the  outer  skin  or  housing  out  of -stainless  steel.  The  SES 
reference  design  carries  the  insulation  inside  of  the  relatively 
cool  skin.  Even  the  exhaust  duct  should  be  carbon  steel  since 
the  maximum  exhaust  temperature  will  be  about  550®P. 

The  basic  weight  of  the  non-heat  exchanger  components, 
including  the  housing,  would  be  reduced  in  size.  For  a con- 
stant gas  side  velocity  the  dimensions  would  decrease  by  10 
percent,  and  the  volume  and  weight  would  be  reduced  by  28 
percent. 

The  total  vapor  generator  weight,  on  this  basis,  for  the  JPL 
mature  configuration  is  summarized  as: 
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SES  Vapor  Generator 
Stat  e " of  - th  e - Ar  t 


JPL  Mature 
Vapor  Generator, 
15.0  hp 

Est.  .For 

JPL  Mature  Cycle, 
i50  hp 

Stainless  Steel 

127 

lbs 

13  lbs 

Super  Alloy 

1 

lb 

1 lb 

Alloy  Steel 

- 

35  lbs 

Other 

36 

lbs 

26  lbs 

Total 

164 

lbs 

75  lbs 

Mat' Is  Variable  Cost 

$129 

$44 

Retail  Price  Reduction 

- 

$160 

The  JPL  variable- material  cost  projection  is  higher  than  the 
SES  design  by  about  $85  (per  JPL  Table  11-10),  and  would  re- 
flect in  a 12  percent  reduction  in  total  engine  variable  costs 
and  a retail  price  difference  of  $160  in  JPL  Table  11-15. 

With  this  single  correction,  the  Rankine  cycle  system  now 
contains  20  percent  less  stainless  steel  than  an  equal  power 
Stirling,  rather  than  105  percent  more  stainless  steel  as  shown 
in  JPL  Table  18-5.  Similar  reduction  in  chromium  and  nickle 
consumption  would  reduce  the  United  States'  consumption  of 
these  metals  below  the  values  sho-wn  in  JPL  Table  18-6. 

In  support  of  the  original  SES  data  provided  to  JPL,  the 
current  vapor  generator  now  used  in  SES  vehicle  tests  and 
having  the  same  output  as  the  reference  design  provided  to 
JPL,  has  a total  package  weight  of  92  pounds  with  a 41  pound 
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heat  exchanger,  including  fins.  This  heat  exchanger  is 
designed  to  the  ASME  boiler  codes  rather  than  the  shorter 
life  automotive  duty  cycle, 

2)  JPL  Rankine  Engine  Conservatism 

. The  modern  steam  engine  effort  is  now  the  least  mature 
technology;  the  applied  research  phase.  The  Otto,  Diesel 
and  stratified  charge  engines  are  already  in  the  product 
improvement  phase.  The  gas  turbine  at  this  time  has  nearly 
completed  at  least  one  engineering  development  phase  for 
trucks  and  is  well  into  advanced  development  for  cars. 
Chrysler  is  building  its  seventh  generation  gas  turbine. 

The  Stirling  engine  is  more  difficult  to  position  on  the 
R&D  ladder,  and  is  somewhere  between  exploratory  and 
advanced  development  based  on  the  R&D  expenditures  for 
a wide  range  of  applications.  Evaluation  of  the  cost  and 
performance  potential  for  this  group  of  engines,  at  vastly 
different  development  levels,  should  apply  the  most  funda- 
mental and  wide  ranging  analysis  to  the  least  developed  engine. 
JPL,  however,  conducted  a cursory  study  of  research  steam 
engine  cost  reduction. 

As  is  stated  by  JPL,  to  this  day  an  enormous  variety  of 
approaches  to  the  steam  engine  exist,  again  suggesting 
that  a wide  ranging  analysis  is  in  order.  The  only  variation 
beyond  the  simple  Rankine  cycle  mentioned  by  JPL  was  dis  - ■ 
missed  in  one  paragraph,  without  presenting  any  supporting 
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analysis.  See  Section  3 that  follows  for  this  reheat  cycle 
approach. 

The  short  sighted  attitude  of  the  JPL  steam,  engine  cost 
analysis  is  evident  in  the  following  examples  from  JPL’ s 
results  for  the  150  horsepower  mature  engine. 

Expander  weight; 

JPL  estimated  225  pounds.  A lower  houtid  could  have 
been  derived  by  Otto  engine  practice  at  1.  5 pounds  per 
cubic  inch.  For  the  Carter  projected  performance  for  the 
fixed  admission  expander,  the  150  horsepower  expander 
would  have  a displacement  of  65  cubic  inches  and  a lower 
bound  weight  of  98  pounds.  The  total  engine  ready -to -run 
weight  might  be  17  percent  lighter. 

Is  this  feasable?  Not  with  today's  research  expanders. 

But  consider  that  the  Carter  expander  has  no  camshaft, 
cooling  jackets,  cooling  water  pump,  valve  train  lubrication, 
and  it  runs  at  conventional  piston  speeds.  It  does  run  at 
higher  specific  output  and  higher  pressures  suggesting  that 
a more  realistic  estimate  of  the  weight  might  be  150  pounds. 
The  detailed  analysis  apparent  in  other  alternative  engines 
was  not  applied  to  this  significant  disparity. 

Expander  Materials; 

For  the  steam  engine  valves,  springs  and  seats  JPL  as- 
sumed 10  pounds  of  super  alloy.  The  steam  environment  is  , 
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less  severe  for  these  components  than  the  Otto  cycle  engine 
because  gas  temperatures  are  lower  and  it  is  not  an  oxydizing 
atmosphere.  SES  uses  austeitic  steel  for  valves  and  seats  but 
has  used  Hastelloy  X valve  springs  in  research  efforts  pri- 
marily because  of  its  proven  characteristics.  Conversion 
of  this  ten  pounds  of  superalloys  to  a more  realistic  austenitic 
steel  changes  the  total  engine  retail  price  by  $59,  or  3 percent. 

JPL  applied  a total  of  43  pounds  of  stainless  steel  to  ex- 
pander steam  accumulators,  cylinder  liners,  steam  inlet 
lines,  and  piston  crowns,  SES  currently  operates  at  1000  F 
with  cast  iron  cylinder  liners,  cylinder  heads,  and  piston 
crowns.  SES  has  also  run  a ceramic  thermal  buffer  on  piston 
crowns  to  reduce  thermal  loss  and  piston  temperature.  The 
ceramic  thermal  buffer  approach  might  be  extended  to  the 
cylinder  heads  with  a no-stress  ceramic  insulator  in  a cast 
iron  pressure  vessel.  This  approach  is  used  by  Chrysler 
in  their  automotive  gas  turbine.  Assuming  only  haK  of  the 
cost  differential  between  cast  iron  and  stainless  steel  nets 
another  $20  in  retail  price. 

Water  Feed  System; 

JPL  estimated  30  pounds  for  the  mature  steam  engine  feed 
and  condenser  pumps.  SES  currently  uses  a 14  pound  variable 
flow  control  feed  pump  that  has  four  times  the  flow  capacity 
required  for  the  JPL  application.  A small  electric  pump  is 
used  for  subcooling.  A reasonable  production  estimate  for 
this  package  in  the  JPL  mature  engine  is  perhaps  8 pounds 
rather  than  30  pounds. 
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Combined  Results: 

A true  production  estimate  of  the  cost  and  weight  for  the 
JPL  mature  Rankine  cycle  is  certainly  open  to  wide  specula- 
tion. Looking  only  at  the  specific  cases  sighted  above  and 
the  vapor  generator  analysis  of  the  previous  section,  as 
much  as  185  pounds  can  be  conservatively  removed  from  the 
JPL  projection  (vapor  generator  89,  expander  75,  water 
feed  system  22).  Scaling  up  the  90  horsepower  Carter  pro- 
jection from  90  to  150  horsepower,  using  the  JPL  percentage 
weight  increase  for  this  power  range,  gives  an  even  lower 
weight.  A tabulation  of  these  results  will  summarize  JPL's 
weight  conservatism  for  the  150  horsepower  systems. 

JPL  System  Weight  at  150  HP 
JPL  SES  Specific  Carter  Projection 
Projection  Reductions  Scaled  Up 

Engine  W eight, 

150  hp  ready  to  run  754  lbs  _ 568  lbs  544  lbs 

Relative  Weights  100%  75%  72% 

A realistic  estimate  of  the  JPL  mature  system  costs  can  be 
derived  as  follows.  A total  of  $239  in  retail  price  reduction  is 
identified  for  specific  changes  in  the  stainless  steel  and  super- 
alloy content  at  150  horsepower.  Scaling  this  to  the  141  horse- 
power required  to  give  comparable  performance  to  the  150 
horsepower  standard  Otto  cycle  engine  yields  a $225  retail 
price  reduction.  The  net  weight  of  stainless  steel  and  super- 
alloy at  141  horsepower  becomes  31  pounds.  The  total  engine 
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weight  at  141  horsepower  will  be  approximately  527  pounds, 
with  496  pounds  of  other  materials  (non -stainless  or  super- 
alloy), At  the  JPL  average  cost  for  all  other  material,  this 
yields  a further  retail  price  reduction  of  $213,  based  on 
materials  variable  costs  only. 


For  the  OEE  equivalent  141  horsepower  JPL  mature  engine, 
the  following  realistic  weight  and  only  materials  variable 


costs  changes  result. 


Engine  Weight 
Relative  W eight 


JPL  System  Weight  and  Price  at  141  HP 


JPL 

Projection 
702  lbs 
100% 


SES 

Specific 

Reductions 

527 

75% 


Carter 
Projection 
Scaled  Up 

505 

72% 


Retail  Price  (Impact 
of  Materials  Variable 

Cost  Only)  .$1781  $1492 

Relative  Retail  Price  100  84% 


3)  The  Low  Cost  Reheat  Cycle  Steam  Engine; 

.Three  basic  cost  advantages  result  from  the  variable  ad- 
mission expander  with  reheat,  as  opposed  to  the  variable 
pressure,  simple  cycle  steam  engine. 

Variable  admission  provides  a torque  speed  curve 
similar  to  the  Stirling  cycle  so  that  the  maximum 
installed  horsepower  can  be  reduced. 
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■ The  reheat  cycle  redistributes  the  component  sizes 
towards  minimum  heat  exchanger  size  with  an  in- 
crease in  expander  size.  The  improvement  in  cycle 
efficiency  directly  reduces  the  boiler  heat  input  and 
size  and  reduces -condenser  heat  rejection.  The  ex- 
pander is  the  lowest  cost  per  pound  engine  component, 
approaching  the  specific  cost  of  the  Otto  cycle  "short 
block",  as  it  is  primarily  a cast  iron  component. 

The  reheat  cycle,  combined  with  a variable  admission 
expander,  results  in  a very  high  efficiency  and  superior 
torque /speed  characteristic,  without  resorting  to  very 
high  peak  system  pressures.  The  lower  peak  pressure 
reduces  the  material' s.  content  by  reducing  the  stress 
and  loading  on  all  of  the  high  pressure  components: 
pump,  boiler,  expander  and  high  pressure  plumbing. 

■ A preliminary  review  of  a reheat  cycle,  variable  admission 
steam  engine  has  been  made  for  iiie  equivalent  150  horse- 
power Otto  cycle  engine  (JPL  Chapters  10  and  11).  The  materials 
and  cost  comments  in  the  first  two  sections  of  this  SES  note  apply 
in  general.  The  total  installed  power  is  reduced  from  141  to  119 
horsepower  as  described  in  SES's  Note  12. 

The  combined  impact  of  reduced  installed  power  and  higher  ef- 
ficiency is  a 39  percent  reduction  in  condenser  heat  rejection  and 
a 48  percent  reduction  in  boiler  heat  input  (or  48  percent  lower 
maximum  fuel  flow).  Lower  maximum  boiler  pressure  provides 
a 23  percent  net  decrease  in  boiler  stainless  steel,  including  the 
additional  reheat  boiler  pass. 
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The  expander  cylinder  head  structure  is  the  most  critical, 
high  temperature  pressure  vessel  component  in  the  expander. 

By  applying  a fixed  pressure  and  temperature  scheduling  between 
stages,  the  expander  as  well  as  the  boiler  structure  is  consider- 
ably simplified.  The  state  point  tabulation  below  illustrates  this 
advantage. 


JPL  Fixed  Admission 
Variable  Pressure 
Mature  Steam  Engine 


SES  Variable  Admission 
Reheat  Fixed  Pressure 
Mature  Steam  Engine 


Max.  Pressure  Temperature 
1st  Stage  2500  psi  1400°F 


Max.  Pressure  Temperature 
1500  psi  1250°F 


2nd  Stage  400  psi  1500°F 


Following  the  cost  methodology  of  JPL  Chapter  11  and  the  SES 
' design  analysis,  SES  has  approximated  the  cost  factors  for  the 
reheat  cycle,  119  horsepower  engine  as  follows: 


Variable  Cost 

$ 450 

Material  Overhead  & Special  Tooling 

60 

Factory  Fixed  Cost 

236 

Manufacturing  Cost 

836 

Corporate  Overhead 

240 

Return  on  Investment 

139 

Wholesale  Price 

1, 127 

Selling  Price 

1,465 
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Of  the  high  fuel  ecoBomy  engines  derived  by  JPL.  (Brayton 
single  shaft  and  free  turbine,  and  Stirling)  only  the  JPL  single 
shaft  gas  turbine  is  projected  to  have  a lower  selling  price, 
disregarding  the  gas- turbine' s potentially  higher  cost,  continuously 
variable  transmission. 
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' Critique  by 

Steam  Power  Systems,. Inc. 
7617  Convoy  Court 
San  Diego,  CA  921 1 1 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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Mr.  Richard  Burtz",  Vice-President  and 
General  Manager 
Steam  Power  Systems 
7617  Convoy  Court 
San  Diego,  California  92111 

Dear  Mr.  Burtz: 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

We  are  in  receipt  of  your  critique  of  the  subject  report  including  related  mate- 
rial from  Mr,  Roy  A.  Renner  and  Mr.  Jay  Carter  which  was  enclosed.  Upon  comple- 
tion of  the  subject  report  our  program  was  restructured  under  the  sponsorship  of 
the  Energy  Research  and  Development  Administration  (ERDA) , Office  of  Highway 
Vehicle  Systems,  as  summarized  in  the  enclosure.  This  explains  our  response  at 
this  time,  and  includes  a summary  of  our  current  work. 

In  the  current  program  we  are  scheduled  to  address  Rankine  engines  beginning  in 
late  1977  and  continuing  for  approximately  one  year.  In  conducting  that  work 
we  will  be  most  interested  in  technical  discussions  with  companies  actively 
engaged  in  the  development  of  Rankine  engine  systems.  We  will  address  the 
points  raised  in  your  critique,  along  with  those  from  all  other  respondees  to 
the  Rankine  portion  of  the  subject  report. 

We  acknowledge  the  outstanding  multifuel  capability  of  the  Rankine  and  its  low 
emission  characteristic.  Regarding  the  several  areas  of  disagreement  expressed 
in  the  data  you  submitted,  we  had  no  intention  of  doing  other  than  evaluating 
heat  engines  on  a common  basis.  The  usage  of  an  "Otto  equivalent  engine"  (OEE) 
concept  was  a convenient  analytical  tool,  as  was  the  Delphi  concept  in  dealing 
with  technical  complexities  that  are  amenable  only  to  the  approach  of  averaging 
the  opinions  of  qualified  technical  experts.  We  regret  that  under  the  cost  and 
time  constraints  that  existed,  we  were  unable  to  conduct  a second  iteration  of 
engine  development  costs  which  perhaps  would  have  reduced  somewhat  the  cost 
estimate  for  Rankine  engines.  Nevertheless  I think  you  will  agree  that  this  is 
not  a pivotal  issue  in  the  context  of  the  ref^ence  study. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections 

HEG;nrw 

Enclosure 

Telephone  354-4321  Twx  91 0-588-3269  Twx  91 0-588-3294 
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Steatm  Power  S:^@teme 

- 7617  Convoy  Court,  San  Diego,  California  92111 

Comments  by  Steam  Power  Systems,  Inc. 
on  the  Jet  Propulsion  Laboratory  report 
"Should  We  Have  a New  Engine?" 

The  JPL  report  has  been  before  the  public  for  several  months  now.  It  is  an 
impressive. piece  of  work.  Its  main  conclusion,  that  we  do  indeed  need  a new  kind  of 
automobile  engine,  is  well  substantiated.  Volume  I is  small,  light,  and  easy  to  read, 
and  is  enjoying  a wide  circulation.  Volume  II  is  big,  heavy,  and  difficult  to  read,  and 
unfortunately  is  the  Volume  that  we  will  be  dealing  with  today,  because  Volume  I is 
more  or  less  derived  from  Volume  II. 

The  JPL  report  is  receiving  wide  and  expensive  promotion.  A team  of  JPL 
staffers  is  crisscrossing  the  country  giving  "presentations"  before  interested  bodies. 
Mr.  Rhoads  Stephenson,  the  project  director,  appears  on  television  from  time  to  time, 
we  are  told. 

We  feel  that  it's  time  somebody  blew  the  whistle  on  all  this.  We  feel  that  it's 
time  someone  pointed  out  what  a great  many  people  already  knowr  that  the  JPL  report 
is,  in  some  very  important  aspects,  a sloppy  and  irresponsible  piece  of  work.  We 
believe  - and  we  are  not  alone  in  this  - that  the  JPL  report,  bought  and  paid  for  by  the 
F ord  Motor  Company  - is  at  least  in  part  an  exercise  in  special  pleading  on  behalf  of 
the  Ford  Motor  Company  specifically,  and  the  Detroit  automobile  industry  generally. 

We  believe  that  it  is  part  of  an  effort  by  the  automobile  manufacturers  to  soak  up  and 
pre-empt  public  research  funds  - which  they  don’t  need  - primarily  to  keep  such  fxmds 
away  from  researchers  who  might  actually  produce  results  that  could  be  disturbing  to 
the  auto  industry. 

Finally  - and  here  again  we  are  not  alone  - we  believe  that  the  prestigious  name 
of  the  Jet  Propulsion  Laboratory  is  being  employed  in  such  a way  as  almcst  to  constitute 
an  abuse  of  public  trust.  ' 

Now  to  get  down  to  cases.  There  are  two  main  points  upon  which  the  JPL  report 
must  be  taken  to  task.  First,  the  report  makes  firmly  optimistic  predictions  about  the 


/VO 
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glowing  future  of  two  engines,  the  Stirling  and  the  Brayton;  predictions  that  are  unjustified, 
unfounded,  and,  in  short,  rather  staggering.  No  one  reading  Volume  I would  ever  suspect 
that  these  are  simply  wild  guesses.  And  second,  as  a necessary  part  of  these  predictions, 
JPL  makes  a strenuous  effort  to  deprecate  and  dismiss  the  RanfcLne  engine,  which  other- 
wise is  grudgingly  adnptted  to  share  the  low-pollution  and  fuel- versatility  that  are 
allegedly  possessed  by  the  Stirling  and  Brayton. 

Specifically,  by  a series  of  what  must  be  regarded  as  deliberate  errors  or  omissions, 
•JPL  attempts  to  prove  that  the  Rankine  engine  of  the  future  must  inevitably  be  too  heavy,  too 
costly,  and  too  inefficient  to  be  worth  bothering  with.  They,  in  effect,  declare  that  the 
"Mature"  Rankine  engines  of  1985  or  1990  will  be  less  advanced  than  the  existing  Rankine 
engines  of  1975. 

Before  we  turn  to  actual  exhibits  from  Volume  H,  a few  general  remarks  might 
be  in  order. 

The  Stirling  engine  was  invented  in’  1816,  and  the  Brayton,  or  gas  turbine,  in  1873. 
theoretical  efficiencies  - the  word  "theoretical"  must  be  emphasized  - have  attracted 
heat  engine  researchers  for  a century.  In  the  last  thirty  five  years,  hundreds  of  millions 
of  dollars  have  been  spent  by  large  corporations  attempting  to  develop  these  two  engines, 
and  yet,  as  automotive  powerplants,  they  are  still  in  their  infancy.  They  are  too  heavy, 
too  costly,  and  too  inefficient. 

The  Rankine  or  steam  engine  was  well-developed  by  the  end  of  the  18th  century  and 
steam  automobiles  were  running  at  the  end  cf  the  19th  century,  but  modern  development  of 
it  as  an  automobile  engine  dates  back  a mere  ten  years  or  so.  Only  a few  million  dollars 
have  been  spent  on  this  eSort,  mostly  by  small  companies,  but  progress  has  been  steadily 
made.  There  is  still  a long  way  to  go  at  the  present  level  of  expenditure. 
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Incidentally,  speaking  oE  actual  rather  than  theoretical  efficiency,  the  most 
efficient  heat  engines  in  the  world  today  are  the  steam  engines  that  generate  our 
electricity. 

Now  to  our  specific  objections.  Time  will  allow  us  to  hit  only  the  high  spots. 

1.  (Exhibit  1) 

These  three  figures  and  one  table  are  all  from  Chapter  12,  Volume  H.  Notice 
that  JPL’s  own  calculations,  in  the  upper  right,  show  that  a mature  prototype  Bankine 
engine  will  be  available  in  mid- 1984,  but  that  on  Table  12-9,  in  the  upper  left,  the  date 
is  mysteriously  bumped  to  1990.  Look  what  that  does  to  the  Bankine  development 
costs  - those  extra  six  years  and  even  the  costs  are  incorrectly  multiplied.  But  that 
figure,  $260  million,  appears  authoritatively  in  Volume  I,  where  it  is  characterized 
as  "reasonably  accurate  for  the  Mature  configuration  selected”. 

Notice  also  that  the  "Advanced"  Brayton  engine  is  predicted  to  be  ready  by  1985, 
at  the  same  time  as  the  "Mature"  Brayton.  JPL  didn't  quite  get  up  the  nerve  to  put  this 
astounding  prophecy  in  Volume  I,  and  even  the  mature  Brayton  is  called  "essentially 
metalic"  and  it  has  a ceramic  regenerator.  To  add  insult  to  injury,  JPL  predicts  in 
Chapter  7,  Volume  n,  that  the  "Advanced"  Bankine  engine  using  ceramics,  can  probably 
never  be  achieved. 

2.  (Exhibits  2,  3 and  4) 

Now  we  must  unavoidably  take  a look  at  one  of  the  so-caEed  "research"  methods 
used  by  JPL,  the  DELPHI  iteration.  This  method  asks  a series  of  questions  followed  by 
a compilation  of  the  answers  which  are  returned  to  the  experts  and  with  the  new  knowledge, 
the  answers  are  resub3nitted,  compiled,  returned,  etc.  until  a reasonably  close  agreement 
is  achieved. 

The  nice  neat  graph  at  the  bottom  of  Exhibit  2 shows  the  results,  right  or  wrong, 
of  a second  iteration, for  the  Brajrton.  The  graph  at  the  top  of  Exhibit  2,  and  all  of  the 
graphs  on  Exhibit  3,  show  the  nonsense  you  can  get  on  a mere  questionnaire  without  the 
corrective  influence  of  a subsequent  iteration.  Yet  JPL  refused  to  get  any  iteration,  "due 
to  time  constraints",  and  solemnly  printed  this  garbage  as  if  it  meant  something.  Exhibit  4 
may  shed  some  light  on  JPL's  motives. 

(Bead  Exhibit  4) 
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3.  (Exhibit  5) 

Two  tables  are  presented  with  all  the  engines  analyzed  by  JPL  which  are 
astounding  comparisons  since  in  Table  10-3  it  says  that  a Brayton  in  a heavier  ear 
can  out-accelerate  a EanMne  with  less  horsepower.  Table  11-16  says  that  for 
equivalent  performance  the  103  horsepower  Brayton  is  equal  to  the  119  horsepower 
Stirling  is  equal  to  the  141  horsepower  Sahkine  and  so  on.  This  is  never  realty  proven 
in  the  text  and  only  alludes  to  some  remarkable  transmission  technology  as  an  excuse. 

4.  (Exhibits  6,  7 and  8) 

This  is  a prime  example  of  the  less  than  careful  treatment  given  the  Bankine, 
and  due  to  an  error  in  the  JPL  figure  7-15  (original  figure  in  black  - corrections  in  red). 
The  mature  EanMne  power  system  is.  954  pounds  according  to  JPL-  slightly  heavier  than 
current  technology  in  pounds  per  horsepower.  But  the  current  Carter  point  is  missplotted! 
When  corrected  the  current  engine  is  810  pounds  @ 150  HP  - lighter  than  the  advanced  JPL 
engine  weight  of  861  pounds.  We  estimate  a mature  power  system  weight  of  635  pounds 
by  1980.  Eeference  Carter  letter  (Exhibit). 

Comparing  the  advanced  technologies  for  weight  reduction  of  the  three  JPL  engine 
types  - both  Brayton  and  Stirling  are  orderly  (e.  g.  (1)  current  wei^t/HP  (2)  Mature  wt. 
improvement  (3)  advanced  technology)  - not  so  for  EanMne  the  procedure  is  mature 
heaviest  (2)  advanced,  next  (3)  and  current  technology  (1)  lightest!  I 

Table  7-5  from  the  JPL  report  is  a weight  breakdown  for  the  Bankine  engine  which 
gains  weight  after  10  years?  NOTE  THAT  THE  CARTEE  ENGINE  IS  RATED  AT  90  HP. 

I could  obviously  give  several  more  examples  contained  in  the  Exhibits  but  due  to 
the  limited  time  we  have,  I would  like  to  finish  my  statement  with  this: 

What  JPL  is  suggesting  is  that  you  discard  the  one  proven  alternate  that  has  demon- 
strated low  emissions  and  multi  fuel  capability  and  which  is  on  the  verge  of  getting  better 
mileage  than  the  internal  combustion  engine  and  instead  pursue  two  highly  risky  concepts 
that  may  be  doomed  to  failure  even  though  they  have  both  received  four  times  longer  the 
attention  of  some  of  the  most  astute  modern  developers  and  10  to  50  times  more  funding  to 
date  than  the  steam  engine  has. 


Table  12-5.  Estimated  time  and  cost  comparisons  for  prototype, 
alternate  heat  engine  development 


Alternate 

engine 

Year 

prototype 

development 

complete^' 

Maximum 

(minimum) 

effective 

expenditure 

rate, 

$milUon/year 

Total, 
direct 
cost  to 
develop, 
$ million^ 

Mature  Stirling 

1983 

16-  (9) 

<,130 

Mature  gas  turbine^ 

1985 

14  (6) 

> 95 

Advanced  gas  turbine 

1985 

14  (5) 

> 130 

Mature  ranldne 

15  (3) 

<C^260. 

'^At  E(P)  =»  0.75 

^with  ceramic  regenerator 

(15  X 15 

6 

= 225) 
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PROBABLE  TOTAL 
DEVELOPMENT 
COST,$  million 


MATURE  PROTOTYPE  ENGINE 


Estimated  cumulative  total  direct  costs  for  accomplishment  of  critical 
Gas  Turbine  Engine  (Fig. 12-8)  and  Rankine  Engine  (Fig.12-12)  R&D  tasks 


PROBABLE  TOTAL 
DEVELOPMENT 
COST,  $ million 
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OF  $6.5  X 10®  PER  YEAR 


NOTE;  PREDICATED 
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PROBABILITY 
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Fig.  12  11.  Estimated  probability  of  accomplishment  of  critical  mature 
at  estimated  maximum  effective  expenditure  rates 


Rankine  Engine  RScD  tasks 
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7617  Convoy  Court,  San  Disgo,  California  92111 


REPORT  OF  VENDOR  TELEPHOISE  CONVERSATION 


Caller: 

Roy  Renner 

of 

iMechanical  Engineer  Consultant 

Person  called:  'R* 

of 

STEAM  POWER  SYSTEMS,  INC. 

Phone  No. 

.415,  443-2992  ■ 

Date 

Nov.  13,  1975  3 P.  M. 

Subject: 

JPL  Delphi  Iteration  Methods 

Context:  Roy  returned  my  call  inquiring  about  bis  statement  that  . . . "Subsequent  to 

sending  in  bis  response  (JPL  Questionnaire),  I learned  tbrougb  telephone  conversations 
that  plans  for  a second  iteration  bad  been  dropped. " My  question  was  bow  did  this  occur? 
His  response  was  as  follows; 

1.  He  bad  called  about  2 months  later,  in  February,  1975,  on  another  matter,  and 
asked  when  the  2nd  iteration  would  be  out.  He  had  wanted  another  chance  since 
he  knew  he  had  estimated  on  the  high  side. 

2.  The  only  reply  he  got  then  ami  later  on  a visit  to  JPL  was  that  "plans  for  a 
second  iteration  were  dropped  due  to  a lack  of  time  before  publishing.  ” 

3.  They  never  called  him  back  or  inquired  about  his  guess  even  though  Volume  II 

of  the  report  says  ".  . . expenditure  rates  were  $3  and  $19  million,  respectively. 
However,  the  latter  figure  is  so  heavily  biased  by  the  astronomical  cost 
estimate  of  one -pessimist  (Renner),  that  we  have  reduced  it  to  $15  million  by 
discounting  the  pessimist’s  estimate.  ” 

■ In  cold  fact,  the  report  uses  the  $19  million  figure,  and  does  not  reduce  it  to 
$15  million. 
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■Table  11“16.  Variable  costa  and  selling 
price  of  150-hp  equivalent 
performances'  engines 


Engine 

Variable 
cost,  $ 

Selling 
% OC  price,  $ 

% OC 

UC  Otto, 
oxidizing 
catalyst, 
150  hp 

346  ±35 

-12  1255  ±120 

-5 

UC  Otto, 
3 -way 
catalyst, 
150  hp 

394  ±35 

DNA^  1320  ±120 
1 

DNA 

SC  Otto 
cycle, 

3 -valve 
150  hp 

395  ±35 

- 1320  ±120 

Diesel, 
156  hp 

505  ±50 . 

28  1489  ±130.. 

13 

SC  Otto, 
direct 
injection, 
153  hp 

418  ±45 

6 1377  ±130 

4 

Brayton 
single  shaft, 
103.  hp 

385  ±70 

-2  1392  ±140 

5 

Brayton  free 
turbine, 

107  hp 

483  ±70 

22  1604  ±140 

22 

Stirling 
119  hp 

524  ±75 

33  1619  ±140 

23 

Rankine 
141  hp 

669  ±75 

69  1781  ±140 

35 

^Scc  Chapter 
po  rformance 

10  for  definition  of  equivalent 

DHA:  does  not  apply. 

'^Requires  a continuously  variable  transmission; 
at  no  cost  increment  over  3-speed  automatic. 
(Refs.  11-8,  n-9). 

Table  10-3.  Weight  and  horsepower  of  OEE  vehicles 


WEIGHT,  ibf 


77-40 


6 


1600f~A/ 


1400 


1200 


1000 
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484- 

400 
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0 


T 


PRESENT  SES 
POWER  SYSTEM 


SPS 
ESTIMATE 
(1980) 


ADVANCED 
CONFIGURATION 
POWER  SYSTEM 

CURRENT 
CONFIGURATION 
POWER  SYSTEM 

CORRECT  J.  CARTER  POINT 

PRESENT  J.CARTER 
POWER  SYSTEM  (WRONG) 

(1)  POWER  SYSTEM  INCLUDES 
BATTERY  AND  TRANS- 
MISSION 


861 

810 


■635 


1 

. 1 ... 

] 

50 

7 

0 9 

100 

0 

150 

200 

25< 

DESIGN  MAXIMUM  POWER,  bhp 


Fig.  7-15.  Projected  Rankine  engine  weights 
(Mature  configuration) 
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COMPARISON  OF  ENGINE  TECHNOLOGY  PROGRESS  (JPt) 


Fig.  5-12.  Open-cycle  Brayton  engine  -weights 
(Mature  configuration) 


0 CURRENT  TECHNOLOGY  (1974) 
@ MATURE  TECHNOLOGY  (1985) 
0 ADVANCED  TECHNOLOGY (1990  4-) 


Fig  6-26.  Stirling  powerplant  weight 
(Mature  configuration) 
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Table  7-S.  Rankiae  engine  parts  breakdowns 
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•STATE-OF-THE-ART  FOR  A 
150  HORSEPOWER  CVT  ' 
TRANSMISSION 


DESIGN  PARAMETERS 


SERIES  24  PUMP  WT.  + MOTOR  WT.  + CONTROL  WT.  (15%)  = TRANSMISSION  WT. 


273  + 266  + 81  = 620  POUNDS 

Continuous  working  pressure  at  rated  speed ‘ 3000  psi 

Heavy-duty  capability.  Normal  relief  valve  setting  5000  psl 

Shock  load  capability.  Proof  pressure  rating 10,000  psi 

Safety  limit  (actual  test) ' 20,000  psi 


SERIES  AND  SPECIFICATIONS 


VARIABLE  DISPLACEMENT  PUMP,  VARIABLE  DISPLACEMENT  MOTOR  DIMENSIONS  (APPROX.) 


1 

1 

SERIES  ■ 

- 

\UNGTH* 

WIDTH* 

HEIGHT*  - 

MOUNTING  FLANGE 
SAE  SIZE 

* y * 

DRIVESHAFT 

P.  V. 
WT.-LBS. 

M.  V.  H 

WT-IBS.  fl 

20 

8% 

10M< 

c 

14T-12/24  Pilch** 

i 21 

10 

im 

c ■ 

14T-12/24  Pilch** 

22 

lO'/j  ‘ 

IT/i 

c 

14T-12/24  Pilch** 

23 

11% 

12% 

c 

14T-12/24  Pitch** 

173 

184  1 

1 24 

19% 

13% 

13% 

D 

13T-  8/16  Pilch** 

273 

1 

25 

IS 

E 

13T-  8/16  Pitch*  * 

359  • 

370 

26 

16% 

E 

13T-  8/16  Pitch** 

515 

539 

17 

24% 

17% 

F 

1ST-  8/16  Pitch** 

592 

602 

23 

. 26% 

imm 

175%, 

— 

23T-  8/1 6 Pitch**  , 

1035 

1045  ^ 

FIXED  DISPLACEMENT  MOTOR  DIMENSIONS  (.APPROX.) 


BH;mia!n,i,riiTniTnn>, 
1 SERIES 

LENGTH* 

WIDTH* 

HEIGHT* 

MOUNTING  FLANGE 
SAE  SIZE 

»ITiril  III  Ilf  ■!  HIM  ml 

DRIVESHAFT 

WT.-IBS.  1 

20 

13%. 

6% 

6 

C 

14T-12/24  Pitch** 

60  1 

! 21 

14%. 

6% 

6% 

c 

14T-I2/24  Pitch** 

76  1 

t 22 

15%i 

6% 

7% 

c 

14T-12/24  Pitch** 

88  1 

23 

15% 

7% 

8% 

c 

14T-12/24  Pitch** 

104  ; 

24 

17*% 

8% 

8% 

D 

13T-  8/16  Pilch** 

154  ( 

25 

18'«. 

10% 

10 

E 

13T-  8/16  Pilch** 

175 

22% 

14% 

16% 

E 

13T-  8/16  Pitch** 

230  1 

1 27 

21H. 

12% 

11% 

F 

1ST-  3/16  Pitch** 

338  1 

[ 

19’A 

18%. 

175V4, 

— 

23T-  8/16  Pilch** 

685  1 

^ ^Maximum  Dt/naiwloni  In  IncliQs  **SAE  Top«r  And  Otfur  SIvaFts  AvcilobFe 

©Copyright  1974,  SUNDSTRAND  CORPORATION. 
All  rights  resflrved.  Contents  subiact  to  change. 
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1974  TEST  RESULTS  PREDICTED  BRAKE 

FEDERAL  URBAN  THERMAL  EFFICIENCIES 

DRIVING  CYCLE 
3000  LB  INERTIA  WT. 
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■.—■■■■III 

QQ  cc 
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1985^ 


BRAYTON  SS  (ONLY  WITH 
CERAMIC  REGENERATOR) 
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(1)  IDENTICAL  PASSENGER  AND  LUGGAGE  CAPACITY, 
IDENTICAL  ACCELERATION  AND  TOP  SPEED. 


EFFECT  OF  ENGIME  WEIGHT  ON  VEHICLE  MILEAGE 


77-40 


COMPOSITE' FUEL  ECONOMY,  ml/gal 


(1 ) RECIPROCALLY  WEIGHTED  MEAN  OF  URBAN  (55%)  AND  HIGHWAY  (45%) 
FUEL  ECONOMIES. 

(2)  CALIBRATED  TO  MEET  2.0  g/mi  NOx  STANDARD. 


Fig.  14.  Fuel  economy  potential  of  Advanced  configuration  heat  engines 
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Table  11-10.  Variable  costs  of  equivalent-performance  alternate  engines 


Stirling 
(119  hp) 

Ranklne 
(141  hp) 

Brayton 
free  turbine 
(107  hp) 

3 -way  catalyst 
(0.  41/3.4/0.4) 
Otto  cycle 
(150  hp) 

Oxidizing 
catalyst 
0.41/3.4/2.  0 
Otto  cycle 
(150  hp) 

Material  type 

Weight, 

lb 

Cost, 

$ 

Weight, 
lb  ■ 

Cost, 

$ 

Weight, 

lb 

Cost, 

$ 

Weight, 

lb 

Cost, 

$ 

Weight, 

lb 

Cost, 

$ 

Cast  iron 

53 

13 

102 

25 

127 

32 

250 

50 

250 

50 

Carbon  steel 

104 

31 

76 

21 

— 

- 

250 

75 

250 

75 

Alloy  steel 

8 

4 

16 

8 

9 

s' 

5 

3 

5 

3 

Austenitic  stainless 

58 

43 

160 

120 

15 

11 

- 

- 

- 

— 

Ferritic  stainless 

— 

— 

- 

- 

2 

1 

— 

— 

— 

— 

Precipitation 
hardening  stainless 

— 

— 

— 

— 

5 

3 

— 

— 

— 

— 

Superalloy 

7 

26 

10 

37 

11 

41 

- 

- 

- 

- 

Cersimic 

15 

15 

— 

- 

14  - 

14 

— 

- 

- 

— 

Aluminum  alloy 

176 

70 

96 

53 

1 

1 

20 

II 

20 

U 

Copper  alloy 

- 

- 

- 

- 

- 

— 

20 

15 

20 

15 

Mis  cellaneous®' 

183 

247 

249 

307 

109 

300 

120 

143 

125 

102 

Variable  material^ 

554 

449 

709 

571 

293 

408 

695 

319 

700 

278 

Variable^  labor 
(hrs) 

10 

75 

13 

93 

10 

75 

10 

75 

9 

68 

Total  variable 
cost 

524 

669 

483 

394 

346  • 

^Not  broken  down  (conventional  auto  materials),  non-homogeneous  or  miscellaneous  and  purchased 
parts.  Includes  power  and  fuel  control,  auxiliaries  and  emissions  control,  where  applicable. 

^No  material  or  labor  overhead. 

'^Includes  foundry  labor. 


, normalization  of  the  engine  designs  and 
costs  to  equivalent  perfortnance  levels.  This  factor  is  of  signi- 
ficant benefit  to  "both  the  Stirling  and  Brayton  engines.  If  these 
engines  were  costed  on  an  equivalent  horsepower  basis  rather 
than  an  equivalent  vehicle  performance  basis,  their  costs 
would  be  significantly  higher.  ” 
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Jay  Carter  ‘E.nterfrises,  Inc. 

RESEABOH  AND  DEVELOPMENT  ENGINEERS 


PHONE  817/569-0181 


P.  O.  BOX  684 
BaRKBURNETT.  TEXAS  76354 


October  S,  1975 

Mr.  Richard  Burtz 

Steam  Power  Systems 

7617  Convoy  Court 

San  Diego,  California  92111 

Dear  Richard: 


Thank  you  for  calling  and  letting  me  know  about  the 
public  release  of  the  JPL  report.  Normally  when  we  see 
a report  that  doesn't  do  justice  to  the  potential  of  the 
steam  engine  we  regard  the  authors  of  that  report  as 
either  uninformed,  misinformed,  or  biased.  This  should 
not  have  been  the  case  concerning  the  JPL  report,  and  this 
concerns  us. 


I made  a special  trip  to  see  the  authors  in  order  to 
discuss  some  misconceptions  they  had  on  steam  engines,  and 
to  explain  the  results  of  EPA'.s  tests  on  our  steam  powered 
Volkswagen  Squareback.  I gave  them  the  projected  vv^eights 
and  efficiencies  of  our  second  generation  steam  car,  which 
were  based  on  results  of  the  first  steam  car. 

I was  surprised  to  see  that  their  projected  weight  of 
a 150'h.p.  mature  steam  system  was  75^  lbs.,  since  the 
total  weight  of  our  90  h.p.  system  was  only  335  lbs.  Scaling 
our  system  up  to  150  h.p.  and  neglecting  any  improvement  in 
horsepower  to  weight  ratio  indicates  a total  power  system 
weight  of  558  lbs.  (196  lbs.  less  than  their  projected 
150  h.p.  mature  system). 


We  now  have  the  steam  system  which  will 
Paratransit  Vehicle  running,  and  the  weights 
The  horsepower  has  been  increased  from  90  to 
the  weight  reduced  from  335  to  322  lbs.  The 
weight  ratio  of  this  system  scales  up  to  483 
150  h.p.  steam  system,  again  neglecting  improvement  in 
horsepower  to  weight  ratio.  This  is  only  64%  of  the  pro- 
jected weight  of  the  mature  I50  h.p.  steam  system.  Enclosed 
is  a component  weight  breakdown 


go  into  D , 0 .T. ' s 
a re  actua 1 . 

100  h.p.,  and 
horsepower  to 
1 bs . for  a 


We  were  also  surprised  at  the  poor  fuel  economy  pro- 
jections of  their  mature  1400*^E  steam  system.  This  is  in 
error  as  much  as  their  weight  projection.  Based  on  the 
engine  map  for  the  second  generation  system  which  is 
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Mr.  Richard  Burtz 
October  3,  1975  ' 
Page  2 
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enclosed,  the  projected  fuel  economy  over  the  urban  driving 
cycle  is  18.5  mpg  at  a vehicle  test  weight  of  3500  lbs. 
and  a steam  temperature  of  1050'^F.  This  fuel  economy  is 
10%  better  than  their  projection  for  a mature  steam  system 
operating  at  1400°F. 

0 

JPL  has  more  than  just  an  obligation  to  fulfill  its 
contract  with  Ford.  Because  many  national,  long  range 
decisions  may  be  made  from  the  results  of  their  report, 
they  have  an  obligation  to  be  as  fair  and  unbiased  in  their 
appraisal  as  possible.  Their  extreme  conservative  attitude 
toward  the  steam  system  and  their  unwarranted  optimism  with 
the  gas  turbine  are  a gross  misuse  of  public  trust.  Even 
with  all  the  money  and  time  which  has  already  been  spent 
on  the  gas  turbine,  the  best  present  gas  turbine  car  cannot 
approach  the  fuel  economy  and  emissions  of  our  first  proto- 
type steam  car.  Turbine  power  enthusiasts  are  still  dealing 
with  projections  from  classical  theory,  and  have  no  running 
vehicle  that  even  closely  supports  their  claims.  Obviously, 
th^e  enthusiasts  must  have  some  very  powerful  lobbyists. 

Dick,  I agree  with  you,  nobody  can  afford  to  let  this 
report  go  unquestioned.  If  I can  help  let  me  know. 


JC:jt 

P.S.  You  have  my  permission  to  use  this  letter  if  it 
would  help. 
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steam  system  weight 


Projected  Second 
Generat i on 


76 

98 

18 

29 

12 

3 

S 

10 

6- 

25 


35 

15 


Expander 

Boiler;  atomizer,  blower,  D-C 
motor,  and  controls 

Feedwater  pump,  condensate 
pump,  and  oil  return  pump 

Water  tank  and  three  gallon 
water 

Centrifuge  and  accessory  drive 
Throttle  valve 
Acc'umu  1 a tor 

Relays,  vibrators,  coils  and 
electronics 

Condenser  fan  and  clutch 
Dual  rotor  alternator 
Water  preheater 
Condenser 
Sta  rter 


Actual  Second 
Generat i on 

79 

84 

10.2 

(29)  est. 

12.5 

3 

8 

8 

13.5 

19.5. 

5 

.(35)  est. 

1 5.5 


335# 


322.2# 
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ROY  A.  RENNER 

MECHANICAL  ENGINEER 
2020  RESEARCH  DRIVE  ■ UVERMORE.  CA  94550 
(415)443  2992 


November  11 , 1975 


Mr.  Richard  Burtz,  General  Manager 
Steam  Power  Systems,  Inc. 

7617  Convoy  Court 
San  Diego,  CA  92111 

Dear  Dick: 

Enclosed  is  a statement  explaining  my  response  to  JPL's  DELPHI 
questionnaire  regarding  Rankine  engine  development  costs.  The  state- 
ment also  indicates  that  had  a second  iteration  of  the  DELPHI  process 
been  carried  out,  my  estimates  would  have  been  greatly  modified. 

As  summarized  on  Page  12-8  of - the  JPL  Report:  Volume  2,  there 

are  two  important  ingredients  in  total  engine  development  costs:  the 

first  is  the  expenditure  rate  per  year,  and  the  second  factor  is  the 
number  of  years  of  development  required.  It  should  be  noted  that  the 
estimated  expenditure  per  year  is  about  the  same  for  all  engines  con- 
sidered ($14  - 16  million/year.)  The  expenditure  rate  for  Rankine  is 
given  at  $15  million/yr,  not  including  my  "astronomical"  estimate. 

So,  JPL's  high  development  cost- for  Rankine  engines  comes  from  the  num- 
ber of  years  and  not  the  annual  rate.  According  to  Table  12-5,  the 
Mature  Rankine  prototype  would  be  available  in  1990.  This  is  based 
upon  a 75%  probability  of  achievement.  You  should  be  aware  that  my 
original  time  estimates  gave  E(p)  as  0.50  for  1982  and  0.80  for  1987, 
which  would  work  out  to  be  E(p)  = 0.75  in  1986.  Someone  must  have  been 
a lot  more  pessimistic  than  myself,  if  the  mean  value  of  the  response 
came  out  to  be  1990. 

My  "second  iteration,"  which  I offer  to  you  here,  would  certainly 
include  a shorter  development  time,  taking  note  of  the  presently  steep 
learning  curve.  It  seems  entirely  reasonable  that  a "mature  prototype" 
could  be  built  in  the  seven  year  period  1975-1982.  Using  my  revised 
$14  million/yr  Rankine  R & D expenditure  rate,  the  total  direct  cost 
would  be  about  98  million.  Since  this  is  less  than  total  R & D costs 
given  for  most  of  the  other  engines,  there  is  no  apparent  reason  to 
discriminate  against  the  Rankine  engine  on  this  basis.  • (Note  the  odd 
arithmetic  in  Table  12-5,  in  which  $14-mil1ion  per  year  until  1985  yields 
a total  of  $95  million  for  the  mature  gas  turbine). 

I hope  the  enclosure  is  useful.  If  you  have  any  questions,  please 

call. 


Sincerely 


Roy  A.  Renner 
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ROY  A.  RENNER 

MECHANICAL  ENGINEER 
2020  RESEARCH  DRIVE  - UVERMOHE,  CA  94550 
(415)  443  2992 


November  11,  1975 

STATEMENT  BY  ROY  A.  RENNER, 
CONCERNING  RESEARCH  AND  DEVELOPMENT 
COSTS  FOR  STEAM  AUTOMOBILE  ENGINES 


Introduction 

The  Jet  Propulsion  Laboratory  recently  released  the  results  of 
a study  entitled,  "Should  We  Have  a New  Engine?"  This  study  has  stim- 
ulated a great  deal  of  interest  and  comment  in  both  engineering  and 
non-technical  circles. 

One  part  of  the  JPL  study  was  an  estimate  of  possible  future 
research  and  development  costs  for  different  alternative  automobile 
engines.  These  estimates  were  a composite  of  opinions  solicited  from 
a number  of  experts  outside  of  JPL.  In  gathering  this  information, 

JPL  used  a form  of  DELPHI  technique,  in  which  respondents  have  an  op- 
portunity to  refine  their  estimates  through  a succession  of  question- 
naires. There  is  normally  an  information  feedback  to  the  respondent 
after  each  questionnaire,  so  that  the  respondent  has  the  benefit  of  at 
least  some  of  the  coniposite  group  thinking. 

Although  originally  planned  as  a DELPHI  process,  JPL's  inquiry 
on  future  steam  engine  development  costs  ended  with  a single  question- 
naire. I was  one  of  the  outsiders  queried  on  this  subject.  After  re- 
viewing JPL's  final  report,  I found  that  my  cost  estimates  v/ere  consider- 
ably higher  than  those  of  the  other  respondents.  While  my  first  estimate 
is  not  necessarily  erroneous,  it  is  now  evident  to  me  that  it  was  conceived 
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1n  a context  which  was  quite  different  than  intended  by  JPL. 

The  purpose  of  this  statement  is  to  explain  the  context  of  my 
original  responsei  and  to  offer  a new  estimate  which  may  be  of  interest 
to  readers  of  the  study. 

Original  Estimates 

I originally  gave  two  R & D cost  estimates:  one  was  a minimum 

annual  rate  of  expenditure,  below  which  an  insufficient  progress  would 
be  made;  the  other  was  a' maximum  annual  rate,  beyond  which  additional 
expenditures  would  buy  no  further  progress.  These  two  estimates  were 
$8  million/yr  and  $75  m/yr,  respectively.  The  probability  of  achieving 
a mature  steam  engine  prototype,  ready  for  production  go-ahead,  assuming 
the  maximum  expenditure  rate  was  estimated  as  50%  by  1982,  80%  by  1987, 
and  95%  by  1992, 

•I  would  now  reduce  both  the  dollar  amounts  and  the  time-to-accom- 
plishment  considerably,  with  the  realization  that  the  estimates  were  in- 
tended to  fit  a rather  limited  context. 

Chronology  of  the  DELPHI  Study 

The  questionnaire  was  accompanied  by  a letter  dated  December  26, 

1974.  My  response  was  returned  to  JPL  December  31,  1974.  The  instructions 
indicated  that  the  means  and  extremes  of  all  responses  would  be  made  known 
to  the  participants  in  several  weeks.  Sometime  subsequent  to  sending  in 
my  response,  I learned  through  telephone  conversations  that  plans  for  a 
second  iteration  had  been  dropped. 
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Rationale  for  My  Original  Assumptions,  and  Changes  That  Would  be  Made 

1 . An  industry-wide  plus  government  participation  in  R & D 
was  assumed.  A recent  briefing  by  JPL  on  the  study  used  a 
context  of  "single  effort."  On  these  grounds,  I would 
reduce  the  maximum  by  at  least  a factor  of  2.5. 

2.  I was  influenced  by  a personal  preoccupation  with  total  costs. 

This  was  clearly  my  error,  since  the  OPL  instructions  called  for 
labor  plus  materials  only,  and  without  including  overhead  costs. 
Consequently,  all  of  my  indicated  costs  should  be  reduced  further 
by  a factor  of  about  two. 

3.  "Production  Readiness"  was  assumed.  There  is  a vast  difference 
in  the  engineering  responsibility,  cost,  and  time  for  readying  a 
prototype  for  production,  vs.  only  the  demonstration  of  technical 
potential.  Testimony  of  the  Ford  Motor  company  before  the  U.S, 

Senate  in  1973  revealed  plans  to  spend  $117  million/yr  for  the 
development  of  emission  controls  for  the  internal  combustion  en- 
gine (Ref.  1).  General  Motors  undoubtedly  had  figured  on  at  least 
a comparable  sum.  . In  the  light  of  these  annual  expenditures  of 
hundreds  of  millions  of  dollars,  I didn't  think  that  $75  million 
per  year  to  be. spend  on  a promising  alternative  to  the  ICE  was  out 
of  line  at  all.  To  expend  very  much  less  would  signify  play-acting, 
rather  than  a significant  and  serious  national  commitment. 

A curious  fact  has  emerged  regarding  the  term,  "Production  Read- 
iness." In  the  questionnaire  I received  and  responded  to,  the  goal 
of  the  estimate  was: 

"Mature  reciprocating  steam  engine  prototype,  ready  for  pro- 
duction qo-ahead,  meeting  or  exceeding  the  above  emission  standards 


10-26 


77-40 


over  FDC,  with  fuel  economy  > 17  mpg  over  FDC  in  3100  lb  curb-weight 
vehicle." 

The  emphasis  by  underlining  is  mine.  I emphasize  this  because  this 
phrase  was  omitted  from  the  statement  of  goals  as  published  in  the  JPL 
final  Report,  Vol . II,  Table  12-4. 

If  the  R & D process  were  relieved  of  the  enormous  responsibility  of 
pre-production  engineering,  then  I could  with  a clear  conscience  reduce  the 
time  to  achieve  the  desired  result.  A small  reduction  in  the  annual  rate 
of  expenditure  over  that  period  might  also  be  warranted.  If  a serious  com- 
mitment to  work  toward  production  readiness  were  to  emerge,  however,  the  re- 
sponsibilities and  costs  would  rise. 

4.  Interperetation  of  "Maximum  Effective  Total  Expenditure  Rate."  Perhaps 

I took  too  literally  the  statement  in  the  questionnaire,  "—beyond  which  any 
additional  expenditures  buy  no  further  progress — Respondents  were  asked 
for  maximum  and  minimum  rates  of  expenditure,  but  not  recommended  rate. 

Perhaps  recommended  and  maximum  were  synonymous  in  the  minds  of  some. 

5.  Other  Considerations 

Subjectively,  I now  need  to  evaluate  the  impact  of  other  considerations. 
Two  examples  will  be  given: 

A.  The  time  to  develop  a "Mature  Prototype"  meeting  the  JPL  technical 

specifications  (Ref.  2)  may  be  shorter  than  for  other  competing  engines. 

« 

Recent  developments  at  a number  of  steam  research  organizations  indicate 
to  me  that  many  of  the  technical  goals  for  performance,  fuel  economy, 
configuration,  and  system  weight  can  be  met  in  less  than  five  years. 

Some  of  these  goals  will  be  met  without  "maximum  effective  R & D ex- 
penditures. 
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B.  Balancing  the  above  optimistic  outlook  is  the  considerable  effort 
that  might  be  required  to  develop  low-cost,  price  competitive 
hardware.  Since  this  was  included  as  a consideration  in  the  JPL 
inquiry,  R & D cost  and  time  must  be  added  back  into  the  estimate. 

New  Estimates 

In  the  light  of  the  above  considerations,  my  drastically  revised  es- 
timates are  given  below.  Again  I wish  to  emphasize  that  the  original  figures 
were  not  necessarily  incorrect  in  the  assumed  context.  The  new  figures  are 
adjusted  for  the  purpose  of  more  closely  matching  the  intent  of  the  JPL  study 
as  now  perceived  in  hindsight. 

1 . Maximum  Effective  Total  Expenditure  Rate,  for  a mature  Steam  Engine 

Prototype  (Not  for  production  readiness).  Direct  Cost  only,  not 
including  overhead,  for  a “single-effort"  : (See  Ref.  2) 

$14  million/year 

2.  Minimum  Effective  Total  Expenditure  Rate,  below  which  insufficient 

progress  is  made:  (See  Ref.  2) 

$4  million/year 

3.  Development  Period  to  achieve  a high  probability*  of  meeting  all 
requirements  for  a mature  prototype  (not  production  readiness): 

• (See  Ref.  2) 

7 years,  1975-1982 
(*  Probability  of  greater  than  75%) 

Total  Direct  Cost,  1974  dollars,  not  including  overhead,  for  a seven-year 
development  program  at  the  maximum  rate: 

$98  million 
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Comments 

The  remarkable  similarity  of  the  $14  million  annual  rate  to  the  mean 
estimates  for  other  engines,  given  in  OPL-Vol.  II  - Table  12-5  should  not 
be  regarded  as  coincidental  or  deliberate.  There  are,  in  fact,  many  simil- 
itudes, in  the  problems  to  be  solved  in  each  of  these  constant-combustion 
engines.  Emphasizing  once  more,  my  view  is  that  these  figures  for  all  com- 
peting engines  may  be  low  if  a true  and  serious  national  commitment  is  in- 
tended. However,  with  this  revision  we  have  at  least  on  a common  base  for 
consideration. 

References  and  Notes 

1.  "Automotive  Research  and  Development  and  Fuel  Economy,"  Hearings 
before  the  Committee  on  Commerce,  U.S,  Senate,  May-June  1973,  U.S.  Govern- 
ment Printing  Office,  Serial  No.  93-41. 

2.  See  explanation  of  R & D goals  in  Chapter  12,  "Should  We  Have 
A New  Engine?"  vol-  _II>  Jet  Propulsion  Laboratory,  Aug.  1975, 

3.  As  an  indication  of  alternative  engine  R & D costs,  it  is  under- 
stood that  the  Philips  Laboratories  have  spent  approximately  $80  million 
(1970‘s  equivalent  dollars?)  on  the  development  of  Stirling  engines.  Good 
results  are  being  obtained,  but  much  more  will  need  to  be  spent  before  the 
engine  is  considered  suitable  for  automobiles.  Gas  turbines,  on  the  other 
hand,  have  already  been  the  beneficiary  of  world-wide  developments  since  the 
1930's,  undoubtedly  representing  some  billions  of  dollars.  This  included 
the  knowledge  and  technology  that  has  been  built  up  in  jet  engine  develop- 
ment and  manufacture. 


Roy’ A.  Renner 
Mechanical  Engineer 


RAR:tt 
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Evaluation  of  the  JPL  Report  presented  at  the  1975  Society  of  Auto- 
motive Engineers  Detroit  Automotive  Engineering  meeting  in  rebuttal 
to  the  JPL  presentation  of  "Should  We  Have  a New  Engine"  October  16, 

1975,  by  Richard  D.  Burtz,  Steam  Power  Systems,  Inc, 

The  conclusion  that  engines  of  the  future  will  have  to  be  non-polluting  and  have  a 
broader  fuel  base  than  the  I.  C.  E.  is  encouraging  to  those  of  us  involved  in  the 
research  and  development  of  alternate  engines.  It  is  also  heartening  to  see  that 
of  the  three  basic  types  of  engines  which  fulfill  these  requirements,  the  belief 
exists  that  they  can  eventually  exceed  or  equal  the  fuel  efficiency  of  internal 
combustion  engine  types. 

We  do  not  understand,  however,  the  disparity  in  the  degree  of  optimism  with  which 
these  various  engines  are  viewed.  ' The  Brayton  Cycle  or  gas  turbine  has  received 
every  benefit  of  doubt  and  what  we  consider  to  be  an  extremely  optimistic  evaluation 
while  the.Rankine  Cycle  or  steam  engii^  is  the  object  of  an  overly  pessimistic 
.review.  Let  me  cite  some  examples.- 

The  Brayton  Cycle 

In  order  to  achieve  roughly  a 100%  increase  in  vehicle  fuel  mileage  over  current 
Brajrton  engines,  the  mature  gas  turbine  engine  is  reduced  32%  in  weight,  gains  50% 
in  cycle  efficiency  and  utilizes  a continuously  variable  transmission  and  ceramic 
regenerator.  This  engine  is  predicted  to  have  a lower  initial  cost  than  any  form  of 
internal  or  external  combustion  engine  and  provide  a savings  in  cost  cf  ownership  of 
as  much  as  $850  over  its  100, 000  mile  life  on  an  Otto  engine  equivalent  basis. 
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I am  certainly  not  In  a position  to  say  that  this  is  unlikely  since  I do  not  pretend  to 
be  an  expert  on  gas  turbine  design  and  manufacture.  I have,  however,  consulted  a 
recognized  expert  in  this  field,  hlr.  Homer  J.  Wood,  President  of  PowerDynetics,  Inc., 
Sherman  Oaks,  California,  hlr.  Wood  has  been  active  in  the  engineering  design  and 
manufacture  of  turbomachinery  (gas  turbine  engines  and  diesel  turbochargers)  since 
graduating  with  a masters  degree  in  automotive  engineering  from  M.I.  T.  in  1940. 

He  was  assistant  chief  engineer  and  Head  of  turbomaehinery  group  at  Airesearch 
Manufacturing  Company  from  1947  to  1953.  He  is  currently  operating  his  own  design 
engineering  service  with  such  clients  as  Avco  Lycoming,  Pratt  and  Whitney,  United 
Aircraft,  Cummins,  John  Deere,  Onan  and  Continental  Aviation.  He  has  published 
fifteen  papers  on  turbomachinery,  has  been  a member  of  ASME  and  SAE  Gas  Turbine 
Powerplant  Committees  and  holds  36  patents  in  this  field.  He  has  provided  me  with  a 
statement  which  I will  excerpt  here  and  make  available  to  IVIr.  Stephenson: 

"Chapter  5 of  Vol.  n,  contains  the  technical  arguments  leading  to  a conclusion  that 
Brayton  engines  are  one  of  the  two  leading  candidates  for  a strongly-motivated  replace- 
menr  cf  Otto-cycle  engines.  It  is  not  possible  to  prove  that  conclusion  to  be  in  error, 
but  it  certainly  can  be  questioned  as  to  its  dependence  on  manufacturing  technologies  for 
which  there  is  no  proof  of  practicality.  In  this  context,  the  most  doubtful  element  is 
the  ceramic  disc  regenerator. " 

"Using  (SAE  Paper  690036,  "Influences  of  Gas  Turbine  Cycle  Parameters  on  Regenerator 
Geometry")  techniques,  we  have  repeatedly  demonstrated  to  skeptical  clients  that  a pres- 
sure ratio  of  4:1  is  not  optimum  for  vehicular  service.  The  arguments  are  complex,  but 
relate  to  part-load  and  idling  fuel  economy  integrated  over  a rational  driving  cycle  as  well 
as  reduction  in  recuperator/regenerator  manufacturing  costs  per  horsepower.  We 
have  applied  these  methods  to  "mature"  and  "advanced"  Brayton  Engines  described  in 
(the  report),  and  conclude  that  neither  is  rationally  optimized  for  its  claimed  state-of-the- 
art  status.  However,  neither  involves  thermod3mamic  impossibilities just  inherent 
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configurations  that  are  not  compatible  with  claims  of  low  production  cost.  (This  program 
also)  demonstrates  that  (regenerator)  effectiveness  (assumed  by  JPL  at  aflat  0.90  at 
maximum  power)  is  not  a valid  parameter  for  heat  exchanger  optimization. " 

”I  see  the  noajor  obstacle  to  both  mature  and  advanced  Brayton  engines  to  be  lack  of 
a viable  recupei^ator  or  regenerator.  In  spite  of  over  15  years  of  serious  development, 
a ceramic  disc  regenerator  with  durable  seals  is  not  available.  Furthermore,  it  may 
never  be  available  because  of  inherent  problems  involved  in  forcing  a matrix  to  function 
as  a sealing  element  and  a pressure  vessel  as  well  as  performing  a heat  transfer 
function. " 

"To  commit  substantial  development  funds  to  Brayton  engines  without  an  assured 
economic  solution  for  this  essential  component  would  be  folly.  There  are  other  possibil- 
ities than  the  ceramic  disc,  but  our  studies  indicate  little  hope  for  their  manufacturing 
cost  being  reduced  to  levels  acceptable  for  automobiles,  " 

"JPL  seems  to  have  accepted  claims  of  ceramics  enthusiasts  to  the  point  that  they  suggest 
that  both  "mature"  and  "advanced"  Brayton  engines  could  be  available  by  1985.  That  is 
absurdity,  and  no  responsible  gas  turbine  engineer  I know  has  any  such  confidence  that 
known  ceramic  problems  and  commensurate  nmnufacturing  cost  difficulties  will  be 
solved  in  any  such  time  span.  I am  strongly  of  the  opinion  that  a viable  ceramic  rotor 
(axial  or  radial)  for  a gas  turbine  is  hopelessly  impractical  unless  a non-brittle  ceramic 
is  discovered.  Furthermore,  a viable  radial  turbine  is  even  less  likely  than  an  axial. " 

"Another  blind  spot  in  (the)  JPL  view  of  Brayton  engines  is  their  lack  of  adequate 
variations  of  cost/HP  with  engine  size.  I have  been  working  with  miniaturized  turbo- 
machinery since  1945,  and  a lot  has  to  be  learned  (if  it  can  be  learned  at  all!)  before 
Brayton  engines  could  be  cheap  enough  for  "Mini"  and  "Small"  automobiles. " 
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"Part  of  the  apparent  merits  of  Brayton  engines  as  seen  by  JPL  is  their  consistent 
introduction  of  lower  installed  power  for  the  same  performance.  This  can  be  shown 
to  be  related  to  an  inconsistent  policy  with  respect  to  introduction  of  advanced  trans- 
mission concepts.  From  my  viewpoint,  the  only  factor  significantly  affecting  installed 
power  for  a given  automobile  class  is  weight/HP  of  engine  plus  transmission. " 

The  Bankine  Cycle 

The  steam  engine  seems  to  be' the  victim  of  abject  pessimism  to  the  point  that  it  was 
treated  as  a hopeless  stepchild  at  the  outset  of  the  survey.  Beginning  in  the  introduction 
it  is  used  as  an  example  of  poor  theoretical  efficiency  and  in  the  Chapter  devoted  to 
the  Eankine  Cycle  the  mature  steam  engine  is  characterized  as  controversial,  costly, 
and  not  recommended  for  further  development.  There  are,  however,  some  fundamental 
errors  in  the  Rankine  Cycle  anal3?sis.  I refer  you  to  Figure  7-15  where  engine  weight 
vs  Horsepower  yields  a mature  engine  weight  ox  954  lbs  @150  HP  (shown  slightly 
heavier  than  the  present  Carter  engine  in  weight/HP) . The  Carter  point  however  is 
mis  plotted  at  70  HP  instead  of  the  rated  90.  When  extrapolated  to  150  HP  the  Advanced 
engine  (861  lbs)  is  now  heavier  than  the  current  Carter  engine  (810  lbs  @ 150  HP).  Our 
estimate  for  a Mature  150  HP  engine  is  635  pounds;  considerably  lighter.  What  is 
baffling  about  this  weight  estimating  is  that  after  15  to  25  years  of  development  the  steam 
engine  gains  51  pounds  over  current  configurations.  This  deficit  is  due  to  weight  estimates 
which  are  heavier  than  current  technology  for  mature-  engines  (15  years  away)  and 
advanced  engines  (10  years  after  that?). 

A good  example  of  this  is  the  water  feed  system  which  gains  108  poimds  over  a current 
90  pound  system  for  a total  of  198  pounds.  The  Steam  engine  paj^  heavily  for  this  extra 
weight  in  having  to  propel  a 30%  heavier  Otto  Engine  Equivalent  vehicle  with  50%  more 
horsepower  than  the  single  shaft  Brayton. 
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The  unfair  treatment  of  the  Steam  engine  continues  in  the  chapters  on  cost.  A basic 
problem  in  the  cost  equation  would  seem  to  be  the  materials  involved  in  the  makeup 
of  the  steam  engine  vs  the  mature  turbine.  There  is  6 times  more  stainless  steel  and 
superaUoy  projected  in  the  JPL  Eankine  engine  than  in  an  equivalent  Brayton  running 
at  temperatures  of  450°  F to  500°  F hotter.  We  have  data  that  indicates  that  all  this 
expensive  material  could  be  replaced  in  the  steam  engine  by  iron  aluminum  alloys  now 
being  developed  for  powerplant  and/or  fuel  conversion  use.  The  development  of  this 
material  is  now  well  under  way  at  the  Solar  Division  of  International  Harvester. 

The  cost  analysis  itself  is  in  serious  question  even  though  Volume  I represents  the 
numbers  as  "reasonably  accurate  for  the  hlature  configurations  selected".  I call  your 
attention  to  the  fact  that  while  other  engines  were  subjected  to  a Delphi  iteration  method, 
the  Rankine  engine  was  relegated  to  a questionnaire  answered  by  5 persons  associated 
in  a wide  variety  of  ways  with  Rankine  Cycle  engines.  This  set  of  data  was  used  to 
determine  development  time  and  cost  for  the  steam  engine.  Some  examples  are  shown 
in  figures  12-11  and  12-12.  One  respondent  was  so  pessimistic  about  the  development 
of  the  mature  steam  engine  that  it  had  a tremendous  lopsided  effect  on  the  entire  estimate. 
The  difference  between  optimistic  and  pessimistic  cost  estimates  for  the  mature  Rankine 
engine  differ  by  2-1/2  orders  of  magnitude  (e.g.  for  a 1987  engine  the  cost  spread  is  $6 
million  to  $880  million)  J These  kind  of  figures  seem  to  represent  little  more  than  an 
uninformed  guess. 

We  are  not  asking  that  the  Rankine  automotive  engine  be  the  only  engine  to  be  developed 
for  the  future  needs  of  the  country,  but  that  it  be  considered  on  a fair  basis  of  comparison 
with  other  alternates  including  advanced  internal  combustion  and  some  other  comjxiund 
cycles  (which  were  a glaring  omission  in  the  report).  The  steam  engine  has  earned  this 
- right  in  light  of  the  fact  that  it  is  at  this  time  the  only  engine  to  have  officially  demon- 
strated the  ability  to  run  on  alternate  fuels  and  meet  the  most  stringent  emissions  standards 
in  an  actual  operating  automobile. 
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INTRODUCTION 


SES  has  been  engaged  in  automotive  steam  engine  development  for 
seven  years.  For  the  past  four  years  SES  has  been  conducting  this  work 
under  EPA/ERDA  contract.  A part  of  this  work  has  been  applied  to  the 
future  potential  of  the  automotive  steam  engine.  With  this  background, 

SES  has  prepared  a critique  of  the  Jet  Propulsion  Laboratory  report 
’’Should  We  Have  a New  Engine,  An  Automobile  Power  System  Evaluation , 
1975.”.  This  critique  is  primarily  focused  on  the  Rankine  or  steam  engine 
evaluation. 


SUMMARY 


Six  fundamental  oversights  by  JPL  invalidate  their  steam  engine 
analysis: 

1.  A thermodynamic  error  in  positive  displacement  expander 
efficiency  analysis  results  in  a significant  underestimate 
of  the  steam  engine’ s efficiency. 

2.  The  expander  analysis  error  also  incorrectly  eliminates  the 
variable  admission  expander.  The  variable  admission  ex- 
pander would  have  a dramatic  impact  on  cost  and  fuel 
economy  through  a reduction  in  maximum  power  required, 
improved  part  load  efficiency  and  lower  system  pressures. 
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3.  Misinterpretation  and  modification  of  SES  vapor  generator  data 
erroneously  resulted  in  a major  cost  penalty  to  the  steam  engine- 
A state-of-the-art  vapor  generator  design  analysis  by  SES  for 

the  JPL  mature  steam  engine  results  in  a 667o  lower  vapor 
generator  materials  cost. 

4.  JPL,  in  essence,  conducted  a cursory  cost  reduction  study 
of  the  first  modern  generation  of  research  steam  engines. 

The  necessarily  conservative  concepts  of  these  research 
engines  were  not  treated  to  the  same  scrutiny  and  cost  con- 
scious projections  afforded  the  other  unconventional  engines. 

5.  JPL  dismissed  without  apparent  analysis  a very  cost-effective 
steam  engine  design  submitted  by  SES.  This  reheat  cycle, 
variable  admission  system  is  second  only  to  the  JPL  Stirling 
engine  in  efficiency  and  it  is  cost  competitive.  The  fuel  economy 
and  cost  projections  by  SES  for  the  steam  engine  are  ranked 
below  with  the  JPL  alternatives. 

6.  JPL  was  unjustifiably  pessimistic  in  their  development 
prognosis  for  the  steam  engine.  The  "reheat  cycle"  concept 
provided  by  SES  requires  only  two  technical  advances:  the 
durability  demonstration  of  a reheat  expander  and  the  develop- 
ment of  the  reheat  boiler  control  strategy. 

To  achieve  the  projected  efficiency  no  improvement  is 
required  in:  component  efficiencies,  materials,  heat  exchanger 
- effectiveness,  emissions,  nor  system  dynamics. 
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August  1943  - October  1953 

AlResearch  llfg.  Co.,  Los  Angeles,  Calif omia<. 

Project  Engineer,  July  1944  - January  1947. 

Design,  development,  and  experimental  production  of  air  cycle 
refrigeration  turbines  and  pressurization  compressors.  Designed 
and  developed  the  first  air  cycle  refrigeration  turbine  to  be 
put  into  production  for  jet  aircraft  (1),  and  the  first  combined 
turbine  refrigeration  and  pressurization  compressor  systems  for 
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Assistant  Chief  Engineer,  January  1947  - October  1953, 

Department  Head  of  Turbomachinery  Group,  covering  air  cycle 
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(4)  Patent  2,625,047 

(5)  Patents  2,760,719;  3,014,694 
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East  Hartford,  Connecticut 

The  Cosmo  d3me  Corporation 
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Cummins  Engine  Company 
Columbus , Indiana 
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7617  Convoy  Court,  San  Hicgo,  Californio  9<lli 


December  2,  1975 


The  Honorable  Walter  M.  Ingalls,  Chairinan 
Assembly  Committee  oa  Transpoitafciou 
^ Room  2091,  State  Capitol 
Sacramento,  California  95814 

Attention:  John  White,  Associale  ConsuJ.tti.ntj  Committee  Staff 
Dear  Sir: 

' Please  find,  attached  the  list  a£  quastions,  submitted  in  response  to  your  request, 
to  be  foi“iVarded  to  Mr.  R.  Rhoades  Stephenson  of  JPL.  Also  included  are  c-,xh&its 
. numbered  1 -through  12  which  are  coordinated  with  and  necessary  to  each  question. 

Once  answered  by  JPL,  we  hope  there  will  be  no  doubt  that  the  Rahkine  Cycle 
. engine  should  be  included  in  plans  for  the  developiaent  of  alternate  engines  of  the 
future. 

We  again  thank  you  for  including*  us  id  your  agenda  for*  the  hearing  on  alternate 
engine  technologies  on  November  18th  in  San  Diego  and  your  assistamce  in  clearing 
. up  w'hat  we  believe  to  be  serious  errors  in  the  JPL  Report  ’’Should  We  Have  a Now  Engine? 


Best  regards. 


Richard  Burtz 
General  hianager/Vice  President 


RB;jt 

Enclosures 
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Critique  by 

University  of  California,  San  Diego 
Department  of  Applied  Mechanics  and 
Engineering  Sciences 
La  Jolla,  CA  92093 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  9110} 


RE;  34LPE-7 7-168-11 
June  29,  1977 


Prof.  Alan  M. 
Department  of 
University  of 
La  Jolla,  CA 


Schneider 

Engineering  Sciences 
California  at  San  Diego 


92093 


Dear  Professor  Schneider: 


SUBJECT:  Critique  of  JPL’ Report  SP43-17,  "Should  We  Have  a New  Engine?" 


Thank  you  for  your  letter  to  Dr.  R.  Stephenson  of  9/5/75  regarding  the  fly^jheel 
car  as  proposed  by  Dr.  Post.  As  you  can  appreciate,  we  received  many  letters 
regarding  the  subject  report,  and  a critique  response  plan  was  included  in 
a subsequent  restructuring  of  the  program  as  explained  in  the  attachment. 

Our  work  to  date  has  been  limited  to  au-toraotive  highway  transportation  using 
alternate  heat  engines,  but  follow-on  efforts  in  other  transportation  areas 
are  anticipated,  but  are  not  currently  approved.  Vehicles  incorporating  mech- 
anical energy  storage  systems,  especially  buses,  will  probably  find  their  greatest 
utility  in  the  urban  transportation  field.  The  first  extension  of  the  work  as 
authorized  by  our  sponsor  might  be  in  the  areas  of  electric  and  hybrid  vehicles, 
and  we  expect  to  address “buses  later  on. 


At  such  time  as  we  may  address  propulsion  systems  which  are  exclusively  or 
partially  based  on  fl3^heel  energy  storage,  we  will  be  most  interested  in 
further  discussions  with  you  in  person. 


Automotive  Technology  Status  and 
Proj  actions 


HEC;cr 

Enclosure  (1) 


Telephone  354-4321 


Twx  910-588-3269 


Twx  910-588-3294 
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UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO 


BERKELEY  • DAVtS  • IRVINE  • LOS  ANGELES  • RIVERSIDE  SAN  DIEGO  • SAN  FRANCISCO 


I SANTA  BARBARA  • SANTA  CRUZ 


DEPARTMENT  OF  APPLIED  MECHANICS 
AND  ENGINEERING  SCIENCES 


AMES  B-OlO 

LA  JOLLA,  CALIFORNIA  S2SQ335C  92093 


September  5,  1975 


Mr.  R.  Rhoads  Stephenson 
Principal  Investigator 

Automobile  Power  Systems  Evaluation  Study 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  9U03 


Dear  Mr.  Stephenson: 

Imagine  my  delight  and  surprise,  after  reading  about  JPL's 
engine  recommendations  on  the  front  page  of  the  L.  A.  Times 
on  Thursday,  to  receive  a full  copy  of  your  report  on'  Friday, 

Since  you  asked  for  comments  I do  feel  compelled  to  make  the 
following:  I regret  that  you  did  not  include  in  your  analysis 

a study  of  the  flywheel  driven  car  as  proposed  by  Dr.  Richard 
Post  of  the  Lawrence  Livermore  Laboratories  (see  the 
attached). 


Your  results  are  important.  I sincerely  hope  that  you  will 
persevere  to  see  that  a research  and  development  program  of 
the  type  you  recommend  does,  in  fact,  come  about. 


Sincerely, 


Alan  M.  Schneider 

Professor  of  Engineering  Sciences 


AMS:dho 

Enclosure 
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Vol.  4,  No.  10 


WORLD 


ENERGY:  ANOTHER  VIEW 


ALAN  M.  SCHNEIDER 

pAoieA6o».  oi  Png-ine-ZHiiig  SaZence.,  UtiiveMiXy  CaZi-ioHnia., 
Son  P-iego 

-^«»***** 

PdiXon'i  Hotz:  In  ihz  Nouembw.  1973  ii&M.  oi  ikii  NeiM- 
ZeXteA  [page  3: 1):?)  cue  zditoiUaZlzid  on  thZi  iam  iubjzct, 
and  icnden.  a iZmiitui  title..  Thii  month  cue  b/iing  you  Pa. 
Sehr&ideA' .6  mental  model  o£  the  enengy  pwblem  (U>  he 
believes  it  can  be  solved.  The  ^oUocoing  antccle  is. 
based  on  a.  nepOAt,  Uternacives  to  the  Energy  Crisis, 
poepoAed  by  P'loieiio'i  Schmidesi  ^ollcuiing  the  con^eAence 
whicti  he  osiganized,  and  to  which  he  Ae(jeA4. 


Original  Demand 
Curve- 


cc 

< 

111 

>-  140 


Revised  Demand 
. Curve 


Host  proposals  heard  today  for  alleviating  the  U.S. 
energy  crisis  emphasize  one  or  more  of  the  following:  coal, 
oil,  shale,  tar  sands,  strip  mining,  off-shore  drilling, 
supertankers,  and  nuclear  energy.  These  imply  significant 
environmental  degradation  and/or  depletion  of  irreplace- 
able resources.  It  is  pertinent,  therefore,  to  consider 
the  extent  to  which  the  combination  of  solar,  wind,  wave 
motion,  and  other  REnewable  Non-pollUting  (REHU)  sources 
of  energy  can  supply  our  future  needs. 

A two-day  conference  was  held  recently  in  La  Jolla  at  the 
University  of  California/  San  Diego  (UCSD)  to  explore 
this  question.  After  considering  both  technological 
and  economic  factors,  it  was  concluded  that  indeed  it 
would  be  possible  to  make  up  the  entire  gap  between  the 
present  consumption  level  and  our  future  needs  without 
increasing  our  dependency  on  either  fossil  or  nuclear 


3 100 


S-,—  Photovoltaic,  solar 
Solar  contrat- 
stotlon  electricity 

t'^SoIar  heating 
V ond  cooling 


-Present  Consumption 
Level 


Base  continues  to  be 
supplied  by  present 
fuels,  equipment. 


A hypothetical  future  energy  demand  curve  can  be  drawn 
based  on  a 3 3/456  annual  rate  of  growth.  This  rate  is 
lower  than  the  4 3/4%  growth  rate  of  the  sixties,  but 
higher  than  the  3 1/3%  rate  which  prevailed  from  1950 
to  1970,  and  the  2 3/4%  growth  rate  characteristic  of 
the  last  120  years.  This  does  not  imply  that  a 3 3/4% 
rate  should  be  accepted  as  inevitable,  but  only  serves 
as  a starting  point  for  the  remainder  of  this  discussion. 

The  horizontal  line  originating  at  our  present  annual 
consumption  in  the  following  figure  is  projected  forward 
in  time,  on  the  assumption  we  will  continue  to  supply 
the  current  energy  level  by  present  fuels,  methods,  and 
equipment.  This  assumption  leaves  the  gap  between  this 
line  and  projected  demand  curve  to  be  made  up  by  the 
new  sources  which  we  will  discuss. 

CONSERVATION 

The  first  step  in  filling  this  gap,  said  Dr.  Lester  Lees, 
founder  and  former  Director  of  the  Environmental  Quality 
Laboratory  at  the  California  Institute  of  Technology, 
is  conservation.  The  people  of  the  United  States  have 
shown  during  the  past  winter  that  we  can  easily  attain 
a 20%  reduction  in  energy  use,  with  negligible  effect 
on  our  standard  of  living,  primarily  by  cutting  obvious 
waste.  For  planning  purposes,  let  us  assume  a 20% 
reduction  in  use  starting  immediately,  as  shown  in  the 
figure. 


FLVWHEB-  AUTOMOBILES 

Dr.  Richard  Post.  Lawrence  Livermore  Laboratories, 
suggested  that  another  10%  reduction  in  overall  consumption 
would  result  from  the  energy  savings  obtained  by  using 
flywheels  instead  of  gasoline  engines  to  power  our  cars. 

The  flywheels  would  be  spun  up  at  night  (off-peak 
demand) [in  the  garage],  or  in  five  minutes  at  re-equipped 
gas  stations,  using  electrical  energy.  They  would  provide 
cars,  trucks,  and  buses  with  range,  speed,  and  accelera- 
tion capability  not  much  different  from  that  provided 
by  gasoline  engines.  Their  superior  efficiency  would 
allow  a two-thirds’  reduction  in  energy  use  by  transporta- 
tion, witfc  do  retfuctidn  in  passenger-  or  ton-miles. 

Dr.  Post  recommends  that  serious  development  and  testing 
be  undertaken  at  once,  and  the  units  introduced  as  standard 
equipment  by  1985. 

Conservation  and  flywheels  lead  to  the  revised  demand  curve 
shown  as  the  heavy  line. 
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WIND  POWER 

By  1980  we  could  be  a position  to  begin  aass-productlon  of 
windmill  designs  now  being  developed  under  NASA  sponsorship, 
said  Dr.  Homer  J.  Stewart,  Professor  of  Aeronautics, 
California  Institute  of  Technology.  He  envisions  one- 
megawatt  peak  power  (250  kw  average  power)  windmills, 
located  along  power  lines  throughout  the  Great  Plains, 
generating  electricity  and  feeding  directly  into  the 
existing  electrical  grid. 

He  projects  a figure  of  $600  per  kw  for  the  capital  cost 
of  the  windmills,  site,  and  grid  connection.  This  cost 
does  not  compare  unfavorably  with  present  fossil  fuel 
electrical  plant  costs  of  $200-$400  per  kw,  when  one 
recognizes  there  would  be  no  fuel  cost.  We  would  install 
23,000  units  yearly  at  a capital  cost  of  $3.4B,  or  $68B 
total  by  2000,  at  which  time  windmills  would  be  supplying 
20%  of  the  projected  570  X 10°  kw  average  electricity 
use  rate. 

Mote  the  contribution  of  windmills  shown  in  the  figure. 
Windmills  could  supply  even  more  than  this,  but  at  a higher 
-cost  of  $900 'per  kw;  the  additional  cost  will  be  needed 
to  cover  the  energy  storage  equipment  which  would  be 
required. 

The  concept  of  neighbors  banding  together  to  form  a 
windmill  district,  like  a present-day  water  district, 
to  share  the  cost  and  benefits  of  a large  comaon  windmill, 
was  also  suggested. 

SOLAR  ENERGY 


We  have  the  knowledge  now  to  heat  and  cool  buildings,  and 
to  heat  water,  using  solar  energy.  If  there  is  just  a 
slight  additional  increase  in  fossil  fuel  prices,  solar 
heating  and  cooling  of  buildings  (SHACOB)  will  become 
economically  competitive,  states  Dr.  Benjamin  Berkowitz 
of  the  General  Electric  TEMPO  Center  for  Advanced  Studies. 
However,  the  fact  that  SHACOB  growth  is  closely  tied  to 
the  rate  of  new  construction,  as  well  as  costs  and 
institutional  factors  affecting  its  acceptance  by  the 
construction  industry  (U.S.  consumers  being  accustomed 
to  thinking  primarily  of  first  cost  and  only  secondly, 
if  at  all,  of  recurring  costs)  places  a rather  stringent 
limit  on  what  can  be  accomplished  by  the  end  of  this 
century. 


If  SHACOB  were  adopted  for  all  new  construction  after 
1980,  4.5  X 10'°  LTU's  per  year  can  be  achieved  by  the 
year  2000.  But  this  level  is-a  theoretical  upper 'limit. 
More  realistically.  Dr.  Berkowitz  predicts  a small  start- 
by  1990,  growing  to  1.9  X 10l5  BTU's  per  year  by  2000, 
as  shown  in  the  figure.  SHACOB 's  major  impact  will  be 
seen  two  or  three  decades  into  -the  21st  century 

Solar  swimming  pool  heaters  are  available  now  in  San 
Diego  which,  at  current  fuel  prices,  will  pay  for  them- 
selves in  4-5  years.  Solar  hot  water  heaters  can  be 
installed  in  existing  homes  with  cost  recovery  in  10 
years.  If  retrofit  of  existing  homes  caught  on,  the  solar 
heating  contribution  shown  would  begin  earlier  and  rise 
faster. 

Dr.  John  Russell,  Manager  of  Special  Projects  at  General 
Atomic  Company  in  San  Diego,  pointed  out  that  the  techno- 
logy exists  for  large-scale  generation  of  electricity  in 
central  stations  by  solar  heating  ("solar-thermal"), 
but  that  it  is  currently  too  expensive  by  a factor  of 
three  to  four.  New  ideas  and  developi])ents  will  be 
required  if  this  form  of  solar  energy  is  to  become  competi- 
tive. He  cited  a recent  National  Science  Foundation 
study  which  indicated  that  if  the  technology  did  evolve, 
solar-thermal  could  play  a part  beginning  in  1990,  growing 
in  importance  to  an  ultimate  level  much  larger  than  that 
shown  in  the  figure  for  the  year  2000. 

A technological  breakthrough  in  manufacturing  costs  is 
required  before  solar  cells  ("photovoltaics")  will  be 


economically  viable.  Dr.  Richard  Stim  of  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology, 
predicts  that,  with  adequate  research  funding,  this  should 
be  attained  by  1980,  resulting  In  substantial  growth  of 
this  technology  beginning,  as  shown,  by  1990.  The 
ultimate  contribution  of  this  technology,  as  well  as 
SHACOB,  will  be  much  larger  as  we  move  into  the  21st 
century. 

H€  BURNING  BUSH 

The  balance  of  our  energy  needs  can  be  made  up  by  BTV 
bushes,  says  Dr.  George  Szego.  President  of  Intertechnology 
Corporation,  Warrenton,  Virginia.  BTU  bushes  are  plants 
grown  to  be  burned,  and  the  heat  is  used  to  generate 
electricity.  If  we  prepare  now,  he  says,  we  can  begin 
to  realize  sizable  energy  production  in  1985  and  close 
the  gap  by  1990.  Dr.  Szego  estimates  that  the  capital 
outlay  for  such  photosynthetic  materials  is  $130,  "other" 
costs  are  $50,  and  the  on-site  power  station  will  cost 
$200  per  kw  for  a total  of  $380  per  kw  of  electrical 
energy.  Assuming  a 0.7%  solar  energy  conversion,  it 
will  take  0.6  acres  of  plant  life  per  kw.  We  can  then 
grow  crops  and  generate  energy  forever  at  a current  cost 
of  $1.50  per  million  BTU,  which  is  substantially  less 
than  the  current  cost  of  oil  at  $2.50  per  million  BTU. 

The  small  gap  between  1980, and  1990  will  have  to-be  filled 
by  stricter  conservation. 

WAVE  POWER 

Hot  included  among  the  energy  sources  shown  in  the  figure, 
because  of  uncertainties  in  the  schedule  and  cost,  is  a 
new  technology  suggested  by  Professor  John  Isaacs, 

Director,  Institute  of  Marine  Resources,  Scripps  Institu- 
tion of  Oceanography,  La  Jolla,  California,  for  generating 
electricity  from  the  up-and-down  motion  of  the  ocean 
waves . 

WASTE  MATERIALS 

Recovery  of  energy  from  these  was  omitted  only  for  lack  of 
conference  time. 


SO  ■ ■ , 

The  keynote  speaker.  Dr.  Kenneth  Matt,  Professor  of 
Ecology,  University  of  California  at  Davis,  believes 
that  Project  Independence,  as  enunciated  by  former 
President  Nixon,  has  failed.  Dr.  Watt  warned  that  we 
cannot  bear  the  cost  of  importing  energy  to  sustain 
projected  levels  of  use  without  losing  control  over  the 
country's  finances.  Our  greatest  export  ace,  food,  is 
insufficient  in  volume  to -balance  the  cost  of  oil 
imports.  Symptomatic  of  the  shortage,  the  domestic  price 
of  food  has  already  sharply  risen  in  response  to  heavy 
purchases  from  abroad.  Only  through  energy  conservation 
can  we  retain  control  of  the  economy. 

If  the  future  depicted  in  the  figure  is  to  become  reality, 
it  was  stressed  by  all  speakers  that  strong  action  must 
be  taken  now.  In  particular,  research,  development, 
pilot  plants,  and  demonstration  models  will  have  to  be 
funded. 

Congressman  George  Brown  of  Riverside,  California  stated 
that  the  scientific  community  and  the  public  must  convince 
their  elected  representatives  that  a change  must  be  made 
from  the  current  policy,  which  promotes  nuclear  and  fossil 
fuel  development  while  relegating  the  REND  sources  to 
low-burner  level,  to  strong  support  for  the  RENU  sources. 

The  theme  of  the  conference  was  conceived  by  the  author 
[Professor  Schneider],  who  served  as  conference  coordinator. 
Sponsored  by  UCSD's  Third  College  (Dr.  Joseph  Watson, 
Provost),  it  was  well  attended  by  over  800  students, 
environmentalists,  and  concerned  citizens.  Following  the 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • fSOO  Oak  Grove  Drive,  Pasadena,  California  91103 

June  29,  1977 

Refer  to : 34LPE-222-12 


Mr.  Wallace  L.  Minto,  President 
Kinetics  Corporation 
1121  Lewis  Avenue 
Sarasota,  Florida  33577 

Dear  Mr.  Minto: 

SUBJECT:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

This  is  to  acknowledge  your  letter  and  the  engineering  data  enclosed  with 
it  concerning  the  fluorocarbon  Rankine  engine.  Our  response  at  this  time 
is  explained  in  the  enclosure,  which  also  includes  a summary  of  our  redirected 
program. 

We  found  your  evaluation  of  fluorocarbon  versus  steam  working  fluids  to  be 
quite  complete  except  for  the  economics  of  the  former  and  for  possible 
health  questions  arising  from  leakage  of  fluorocarbon  vapor  or  handling  of 
the  liquid.  We  have  made  no  study  of  these  factors,  but  we  feel  that  they 
should  be  addressed.  Certainly  the  engineering  advantages  of  fluorocarbons 
over  steam  are  more  than  sufficient  to  qualify  them  as  candidates,  especially 
where  lower  system  temperatures  are  required  or  are  Inherent  such  as , for 
example,  a diesel  bottoming  cycle. 

Regarding  the  higher  density  of  organics,  we  feel  that  this  is  not  always 
an  overriding  advantage.  Consider  the  TECO  bottoming  cycle  for  diesel 
engines,  which  uses  an  organic  working  fluid.  A problem  exists  due  to  the 
small  size  of  the  expander  and  the  concomitant  difficulty  in  obtaining 
acceptable  efficiencies.  For  some  components,  efficiency  and  reliability 
considerations  may  outweigh  size. 

Regarding  your  comparison  of  engine  size  among  the  candidate  Rankine  confi- 
gurations, the  small  size  of  the  fluorocarbon  version  is  being  challenged  by 
steam  systems  operating  at  temperatures  of  the  order  of  1000 °F  and  boiler 
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pressures  up  to  2500  psig.  We  agree  that  the  Ranklne  system  should  not 
be  judged  solely  on  the  basis  of  work  per  unit  mass  of  working  fluid,  and 
that  an  organic  may  be  preferred  to  steam.  The  considerations  which  you 
presented  will  be  taken  up  during  the  Rankine  work'  discussed  in  the 
enclosure. 


We  look  forward  to  further  discussions  with  you  at  the  time  the  Rankine 
Technical  Task  Summary  is  being  prepared,  and  we  thank  you  for  your  infor- 
mative letter. 


Proj  actions 


HEC;nrw 

Enclosure 


12-3 


77-40 


1121  LEWIS  AVENUE 
SARASOTA.  FLORIDA  33577 
PHONE:  813-366-3050 


R.  Rhodes  Stephenson,  Principal  Investigator 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Dr.  Stephenson: 

Thank  you  for  the  copy  of  the  Caltech  report  on  alternative 
automotive  engines. 

My  chief  comment  concerns  the  analysis  presented  on  Rankine 
engines.  'ihe  authors  nave  examined  the  question  of  working  fluid  only 
superficially  and  drop  into  the  usual  erroneous  oitfall  concerning  organic 
working  fluids.  On  page  7-3  of  Vol.  II,  it  is  stated,  "Second,  the  available 
work  per  unit  mass  of  working  fluid  is  significantly  lower  than  for  water." 
(My  emphasis  added),  and  thereafter  the  analysis  of  a Rankine  engine  is 
confined  to  water  as  the  working  fluid. 

At  this  early  fork  in  analysis,  they  take  the  wrong  road.  In  any 
expansion  engine,  and  particularly  a positive  displacement  engine,  the  over- 
riding consideration  is  the  available  energy  per  unit  volume  of  working  vapor. 
This  determines  the  displacement  of  the  engine  for  a given  power  output, 
which  in  turn  determines  the  engine's  weight,  size  and  cost. 

Enclosed  herewith  is  a Kinetics  memo  dated  6,  November,  1973 
which  treats  this  subject  more  fully. 

Secondly,  our  extensive  experience  caused  us  to  discard  the 
piston  engine  very  early,  since  it  usually  has  low  mechanical  efficiency  and 
excessive  weight  per  unit  of  displacement.  We  developed  the  variable  ex- 
pansion ratio  Gerotor  rotary  expander,  which  is  valveless,  internally  rev- 
ersible, small,  with  pure  uniflow  breathing,  light  in  weight  and  very  cheap 
to  mass  produce. 

I agree  that  the  analysis  given  of  Rankine  engines  is  appropriate 
for  a 1925  Stanley  Steamer,  but  it  completely  ignoreithe  developments 
resulting  from  in-depth  analysis  of  the  parameters  most  crucial  to  a viable 
Rankine  automobile  : efficiency,  component  weight  and  cost. 

Thank  you  for  the  opportunity  to  examine  the  study. 

Very  truly  yours, 

Wallace  L.  Minto  . 

President 


WLM/llf 
Enclosures : 
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1121  LEWIS  AVENUE 
SARASOTA.  FLORIDA  33577 
PHONE:  813-366-3050 


COMPARISON  OF  FLUOROCARBON  AND  STEAM  RANKINE 
CYCLE  EFFICIENCIES 


It  has  been  stated  that  fluorocarbon  Rankine  cycles  must  operate 
at  lower  temperatures  than  steam  cycles,  which  limits  their  achieveable 
theoretical  Carnot  efficiency.  However,  it  must  be  realized  that  fluorocarbon 
Rankine  cycles  can  achieve  a far  greater  percentage  of  theoretical  Carnot 
efficiency  than  steam  can  in  an  automotive  vehicle,  where  there  are  other 
temperature  limits  in  addition  to  that  of  the  working  fluid.  When  these 
other  constraints  are  imposed,  fluorocarbons  are  capable  of  higher  cycle 
efficiency  than  steam  in  a practical  machine. 

Practical  parameters: 

Let  us  review  the  parameters  which  govern  a practical  Rankine 
automotive  drive: 


1.  It  must  be  a fully-closed  system  to  prevent  the  incon- 
vience  or  cost  of  replenishing  the  supply  of  working 
fluid  at  frequent  intervals. 

2.  For  maximal  overall  efficiency  at  all  speeds  and 
accelerations,  it  should  use  a positive  displacement 
expander  of  reasonable  size  and  weight. 

3.  For  maximum  volumetric  expander  efficiency  at 
varying  speeds,  a positive  displacement  expander 
with  small  clearances  is  essential. 

4.  Any  cooling  of  the  operating  parts  of  a vapor  ex- 
pansion engine  markedly  reduces  it  efficiency. 

5.  A positive  displacement  engine  must  be  lubricated 
for  efficiency  and  long  life. 

6.  The  lubricant  used  in  a sealed  system  must  be  stable 
indefinitely  to  at  least  the  maximum  engine  inlet 
temperature.  With  known  lubricants,  this  imposes 

a practical  upper  temperature  of  600°F  in  a sealed 
system. 
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t'’or  a reusoMubU'  si/.o  of  condenser,  a suijslanlial 
ienipefaluri'  di rrc'foiUial  to  ambieni  air  must  be 
majnlainod.  'i’hc  lempcrature  of  the  C(;ndenser  is 
suitably  200” I<\ 


iH.  Any  substanliaJ  comlensalion  of  the  working  fluid 

wiibin  Ihe  positive  dispiaccnient  expander  under  operating 
conditions  will  be  Jiarniful  to  its  mechanical  integrity. 

I’luure  I shows  the  net  tlieorelicai  Ilankine  cycle  efficiencies 
of  luo  uofoc-arbon  fluids  versus  steam  and  the  theoretical  Carnot  potential. 

II  is  evident  that  the  maximum  theoretieal  efficiency  of  steam  at  600”b’is  less 
lhan  thai  of  R-112  at  400”f,  in  spite  of  the  lower  Carnot  potential  at  the 
lower  tem))eralure. 


b'lgure  II.  shows-  in  more  detail  the  relatively  poor  performance  of 
steam  vs.  C’arnot  potential,  even  at  maximum  cycle  efficiency  conditions 
when  the  exhaust  is  200^P  and  dry  saturated  vapor,  as  required  by  the 
expander. 

In  addition  to  higher  cycle  efficiency  than  steam,  another  important 
practical  parameter  in  an  automotive  vehicle  is  the  size  and  weight  and  cost 
of  the  expansion  engine.  A superficial  examination  of  the  thermodynamic 
data  indicates  that  steam  has  much  greater  available  expansion  energy 
Lhan  fluorocarbon,  but  this  is  per  pound  of  vapor.  An  engine's  size  is  primarily 
determined  by  its  displacement- volume  per  revolution,  so  the  most  important 
consideration  in  an  expansion  engine  is  the  available  energy  per  unit  volume 
of  inlet  vapor.  Because  fluorocarbon  vapors  are  extremely  dense,  they 
contain  far  more  available  energy  per  unit  volume  than  steam.  Thus,  a 
flouorocarbon  vapor  expansion  engine  operating  at  maximum  cycle  efficiency 
is  only  a small  fraction  of  the  size  and  weight  of  a steam  engine  of  the  same 
horsepower  also  operating  a.t  maximum  efficiency.  This  comparison  is  shown 
graphically  in  Figure  III.  At  a given  temperature,  say  400® F,  the  low 
Carnol  efficiency  and  the  low  vapor  density  of  steam  act  together  so  that 
a steam  engine  would  have  to  have  more  than  36  times  greater  displacement 
lhan  an  H-113  engine  of  the  same  horsepower  output,  when  each  is  operating 
at  maximum  cycle  efficiency  for  that  temperature. 

Of  course,  a steam  engine  may  be  made  smaller  by  raising  the 
steam  pressure,  and  hence  its  density,  for  any  given  temperature.  This 
is  doiu'  in  practice,  to  keep  the  expansion  engine  within  a reasonable  size. 

But  always  at  the  expense  of  cycle  efficiency..  Figure  IV  shows  the 

effect  of  higher  pressures  at  the  -600”F  lubrication  limit  ori  cycle  efficiencies. 

When  steam  pressure  is  increased  to  save  expander  size  and  weight. 
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llu'  lowonui;  ol  cv(.'lo  I'l lic'iency  bt'foincs  Ihe  consideration  of  ^jrealesl 
i mpoflanct'  in  maximum  iiorsepowor-  output  per  unit  engine  si/,e. 


Tims,  if  we  were  to  op<'rale  a steam  engine  at  sulnstanUaJiy  liigiier 
lompet'atvire  and  pressure,  it  would  still  have  to  be  larger  than  an  R-ll:-} 
engine  to  de\elo|)  the  same  horse]K)wer.  Considering  the  available  energy  of 
exj)ansion  per  cubic  fool,  an  engine  operating  on  steam  at  600^^  1<'  and 
1, 000  p'iia  inlet,  with  dry  saturated  exhaust,  would  have  to  be  70%  larger 
lluin  an  engine  developing  Ihe  same  horsepower  witli  R-ll  3 at  .'175‘^^F  and  1150 
psia  inlet. 


Othei’  advantages  of  R-ll 3 over  steam  in  an  automotive  engine  system. 

1.  .The  high  relative  density  of  fluorocarbon  vapor  is  a 
significant  advantage  in  diminishing  the  size  of  pipes, 
valves  and  the  required  volume  of  the  condenser.  At 
200^F  condenser  temperature  and  corresponding 
pressures,  R-ll 3 vapor  has  more  than  fifty  limes  the 
density  of  steam. 

2.  For  the  same  engine  horsepower,  steam  exhaust  piping 
and  conduits  must  have  350%  of  the  cross-sectional  area 
of  R-ll 3 exhaust  piping  to  achieve  the  same  low  vapor 
velocity. 

3.  For  the  same  engine  horsepower,  steam  valves  and 
piping  from  the  boiler  to  the  engine  must  have  700% 
greater  cross  sectional  area  than  for  R-ll 3 when  both 
are  at  maximum  cycle  efficiency  conditions,  for  the 
same  vapor  velocity. 

4.  The  smaller  size  of  piping,  valves  and  engine  result  in 
lighter  weight,  greater  hoop  strength  and  lower  cost. 

5.  Water -expands  upon  freezing,  whereas  R-ll 3 shrinks 
upon  freezing.  Therefore,  no  damage  would  result  to 

the  R-ll  3 system  upon  freezing.  Of  course,  the  freezing 
point  of  R-ll 3 is  much  lower  than  that  of  water,  so  no 
special  precautions  or  preventives  are  necessary  under 
normal  ambient  conditions  with  R-ll 3.  Steam  systems 
are  very  susceptible  to  freezing  damage. 

6.  Much  quicker  start  up  is  achieved  with  R-113  than  steam, 
R-ll 3 has  a much  smaller  specific  heat  than  water,  achieves 
a higher  pressure  at  a lower  temperature  and  has  a much 
smaller  heat  of  vaporization.  For  a given  burner  and 
boiler,  R-113  achieves  the  same  operating  pressure  as 
steam  in  less  than  one  tenth  the  time. 

7.  Steel  achieves  its  maximum  strength  at  about  400° F,  the 
operating  temperature  of  R-113.  Steel's  strength 
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ck'croa.sos  rapidly  at  the  higher  Icmperalures  needed 
for  efficiency  with  steam. 

Lower  internal  boiler  temperatures  with  R-113  result 
in  greater  temperature  differentials  to  combustion  gases 
and  lower  exit  gas  temperatures  in  a practical  size.  This 
results  in  higher  thermal  efficiency  of  the  burner-boiler 
combination. 


November  6,  1973 
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Figure  I 

Theoretical  Cycle  Efficiency 
VSa  Engine  Inlet  Temperature 
200®F  Condenser 
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Caltfornia  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-166-13 


June  29,  1977 


Mr.  Robert  Brooks 
1342  North  Jackson 
Waukegan,  Illinois  60085 

Dear  Mr.  Brooks: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Regarding  the  subject  report,  we  have  received  many  critiques  of  enormous 
diversity,  and  acknowledge  your  letter  of  9/3/75.  One  of  the  two  enclosures 
explains  the  reason  for  our  response  at  this  time,  and  siiinmarizes  the  changes 
in  our  automotive  propulsion  program  structure  that  have  occurred  following 
completion  of  SP 43-17,  Although  the  Wankel  engine  is  not  excluded  from  our 
current  program,  little  further  work  is  anticipated. 

In  response  to  the  question  raised  in  your  letter  with  regard  to  rotor  seal 
leakage  and  housing  distortion  problems  in  Wankel  engines,  we  have  enclosed 
a list  of  reference  documents.  The  references  recognize  the  existence  of 
these  problems,  but  they  do  not  necessarily  represent  the  most  recent 
information  because  we  are  not  actively  studying  IC  rotary  engines. 

If  the  opportunity  should  arise  in  the  future  for  us  to  do  so,  we  will  review 
the  status  of  these  problems  and  incorporate  the  data  in  our  annual  report 
to  ERDA,  In  the  meantime  we  trust  that  the  reports  listed  may  contain  some 
of  the  information  that  you  were  seeking. 


Hhrry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections  Project 

HEC:cr 

Enclosure  (2) 


Telephone  354-4321 


Twx  910-588-3269 
13-2 


Twx  910-588-3294 


77-40 


ENCLOSURE 


1.  "Progress  of  Rotary  Engines:,  Dr.  Ing.  Albrecht  Hartman,  presented  at 
the  2nd  NATO/CCMS  Symposium,  DUsseldorf,  November,  1974. 

2.  "Update  on  -the  Rotary  Engine",  David  E.  Cole,  University  of  Michigan, 
Ann  Arbor,  Michigan,  October  1973. 

3.  "The  Wankel  Engine",  David  E.  Cole,  Scientific  American,  August  1972. 

4.  John  Hartley,  The  Engineer,  pp.  44-49,  December  6,  1973. 

5.  D.  N.  Williams,  Iron  Age,  pp.  57-59,  February  25,  1971. 
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T^ODsrf  Brooks 

Df.,  R.  Rhoads  Stephenson: 

Dear  Dr,  Stephenson: 

Thank  you  very  much  for  sending  Volumes  I 8f  II  of 
■your  study  "Should  We  Have  A New  Engine".  Your  report 
provides  a mountain  of  valuable  information. 

■Regarding  the  Wankel  engine,  I note  on  page  3-15 
you  say  it  has  "current  rotor-seal  and  housing  distor-  - 
ticn  problems",  I would  appreciate  it  if  you  would 
led  me  know  the  source  of  this  information  and  the 
malce  of  production  rotary  engine  car  that  has  these 
problems. 

Cordially, 


1342  N.  Jackson.  Waukegen.  !L  60085  312-336-8256 
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Critique  by 


Queen  Elizabeth  The  Queen  Mother 
Birkhall,  Ballater 
England 
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Ballster  228 


BIRKHALL,  BALLATER 


11th  September  1975 


A<r  Styl-L 

Queen  Elizabeth  The  Queen  Mother  bids 
me  write  and  thank  you  for  your  letter  and 
for  the  copy  of  your  Engine  Report  which 
Her  Majesty  is  looking  forward*  to  studying* 

The  Queen  Mother  remembers  well  meeting 
you  in  July  197M  when  you  V7ere  presented  by 
the  Chef.  Queen  Elizabeth  understands  that 
Mr*  Sealey  is  now  visiting  California  and  hopes 
very  much  that  his  holiday  will  be  most  enjoyable* 

Her  Majesty  sends  you  personally  her 
warmest  good  wishes  for  the  future* 


Mr.  R.  Rhoads  Stephenson* 
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Critique  by 


Hon.  Pete  V.  Domenici 
of  New  Mexico 
United  States  Senate 
Committee  on  Public  Works 
Washington,  DC  20510 
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44M;Oft>T 


'SJCnHcb  rSfaicsJ  ^crrafc 


coMMtrr<  r ci>f  tHfttctc  wc»kks 

WAMflMGTO/^  0«C.  f*'4>£>ID 

Sfcptwaber  l6.i  X97*j 


The  Pres'ident, 

The  vrnltG  JJoune 

I>.C,  20500 


Den'r  l<5r*  PrtBii^t-.ni:.: 

I Era  K-r.1  tirj^^  io  lirgcf  to  embarK  on  or»e  oi'  the  raoJit 
.IfijpDJ'tfent  domes t.ic  Initi^i-tives  or  the  deca-fle:  the  developraent  ol' 

& i’liei  eiTSclent.,  vAi'tually  po21ut:lon-^‘ree  automobile  en^jirie* 

/ifi  you  have  repeatedly  notcd^i  the  tighter  erairsoion  Btan- 
Oarda  rcouireci  oP  the  internal  corabustioji  cngiiie  to  protect  the 
public  he-alth  I»ave  come  into  coni'lict  with  our  national  oner/iy» 
policy  of  jr.a.xiraixinii;  automotive  ii^el  eeojioray.  In  iact.t  diS’sMcnli-y 
in  contro:Lli)-jg  auttraotivc  po:l:t^^tion  has  led  many  to  con5,iifcr  per- 
msfiCJ^tly  abarrocninr:  the  nitroi^en  oi‘  oxides  standard  xircsently 
celled  i'or  in  the  Clean  hir  Act,  Such  ciifl'icultics  have  even  led 
some  to  despair  whether  wo  caj>'aeKieve  dears  air  in  our  cities 
anytirae  ii7  the  twentielli  €:ent-ury. 


- It  has  been  obvious  to  those  of  us  wording,  In  this  area 
Uiat  the  idc-al  solution  to  our  problems  lies  in  dcvelopini^  a 
new  pollution -.free  engine  capable  d1'  g,rcater  fuel  econcosy.  Pro- 
pDr-u.ls  'C'T  such  a development.^  however,  have  co3:>r-ist-ent-ly  elicited 
a shcpt.lcrtl  7'cs)ionse  from  proiessioiials  both  'within  iJ’jduotry  Ej»d 
the  J'cderiil  goverrnr.ent.,  on  the  tJieoxy  t)>at  a quaj^tujn  hreaJithroug)^ 
i.«.-  requii'cd  to  produce  a significantly  cleaner  cugisie  w}xicJ>  uses 
less  fuel. 


Iliei'e  is  now  evidc-jice  that  such  professional  shcpticiFJii 
raay  Jiave  berui  cA'crly  pessijnistic.  A recent  report  from  the 
California  Institute  of  Tcchnolog;^ ' ft  respected  Jet  Prc»pul£;ioji 
jAboratory  i33r3icateft  that  a fvtel  cfficieiit  cj)gii3e  c'a)>able  oi' 
ereissic>j>B  wc-ll  below  the  statutory  standards  is  vj.1i.hin  reach, 

Tr:-e  report  I rei'er  to  is  eJ'Jtitled.  "S3jDU3'd  VJe  ?iave  A Kew 
l?;>rine?:  P-ri  Avitwno'jiic  Power  f>ysteras  i^valiiation , ” It  v;as  pro- 
ducer Es  t'ie  result  c'f  a frrcj^t  ixom  3-o?'d  Motor  Co,,  and  prc.sents 
tin  indeporjdent.  &£-fe5. pr»ejifc  o.<’  t.he  .‘longe?'  term  pr>i.'er.olri.nt'f>ptions 
uvfcilEb'le  :Uj  this  hirloly  com/Mzy,  i^nci  controversial  area  of  over- 
3'idiJ)K  j/Etio.na.l  irmortance. 
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15-2 


yhe 

5«i?pt.fjj')'bfcr  ri6^  ll9V!> 

Pft[»e  Two 

I have  {itu^-T-fd  the  report  and  I am  eonvAnecd-  that,  its 
cone.*LUfii.onri  Tnlly  ^ust.iify  a carelul  examinattoii  ol  the  conmc 
of  our  present  offorts  to  deal  with  autoroobiltj  pD.llution  and 
fuel  co.nBf:rvatiDJ>«  1 say  this  because after  carefully  sifting 
tJirouf^  available  tecVaiical  dav4iji  t)ie  report  identifies  two 
engines^  the  StirliJ^g  and  Brayton^.  t3^at  )>osse»s  excitlnK  poten- 
tial as  alt-eaviatlve  engiJjes  superior  to  Uie  present  internal 
cowibus  tl  on  O'!  {jin  e « 

■ ^ *. 

T)^e  primary  recommenOation  of  t-he  report,  e-s  1 see  it, 
is  contain eO  in  the  follovjing  statement,  t^^hen  from  page  35 


‘‘Begin  immediately  the  rapid  Amplotnentati  on  of  design 
changes  to  the  ear  itself  w3iich  can. .si/yjificantly  re- 
duce fuel  consumption,  independent  of  i3>c  hind  of  en- 
gine uses 41  Concurrently,  accelerate  and  direct  the 
developme)'»t.  of  two  particularly  y^roraisin/i  alter;)ate 
engines  - the  Brayton  and  Stirling  engines  - unt.il 
one  or  both  can  be  irsaps-produced,  wit)j  ij* Production 
in  t)ie  .improved  cars  targeted  for  19Bi5  o:«'  sooner.  1j^ 
the  interim,  jwess  t)je  development  of  Ihts  conventional 
Otto  engine  to  its  lirDits.^ 


The  de-velopiscntal  price  tag  for  such  an.  cl  ternative 
engij^e  is  estimated  tn  be  approxiinateriy  billion  over  t)ie  next 
decade,;  a email  3;r;ice  for  public  health,  ener/jy  independence, 
and  a livable  urbajj  env^lronmej^t,  Ihwi  t-)ie  potential  benefits 
o5"  the  of  one  or  boWj  of  these  cj^gines  is  co;  ^idered,  that 
develo^vnental  cost  :lc  put  m/ore  into  .its  . proper  p.- rspective. 

Bor  ij-)st.aj)ce,  the  report,  on  y»age  82,  ijKlicutes  that  “intro- 
duction of  the  Stir.ling  engine  alone,  ut  a net.  cost  of  about" 

^•G  hillion,^  will  save  oyer  2 million  bb.l/day  by  the  end  of  the 
century 4 h comparable  ij>erease  of  petroleum  s\ipply  would  .re (jui re 
a capital  investment  of  at  least  $20  billion.**  As  t)ie  report 
further  points  out  on  page  86; 


”E>;pe)Ktiture  of  $190  million  yjcr  year  for  5 to  10  years 
.is  well  wit))in  the  Jiintorica.y  J?ai>  funding  capability 
of  the  iJ'jdiVotry  (albeit  with  some  changes  in  priority) 
and  veryf  sinail  compared  to  contemplated  budgets  for 
developijjg  .‘-ome  new  .sources  of  ener^jy.  It.  is  also  a 
Kma.ll  total  price  to  pay,  compared  to  an  s}>nual  )>etro- 
IcuvT)  cost  ,suvi;>g  or-  t)ie  order  of  $10  billion  .$11 
per  l.mrrel)  would  res uly  aftea'  total  conversion 

to  the  alternate  engine.  The' .industry  could  pay  for 
th.is  cievelopmeni-  jo'ograra  and.-  .from  S3>  analyi-is  of  the 
potentia.l  icjr  ini-nitsed  profits,  Wjis  .level  of  e»* 
pcnuitiure  seems  warranted.  Ikwever.  it  is  not  at  all 
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obvious  ibttt  ^o  i?o— naieiJ  .siuinps.^  ye*- 

cmceft  buc(/iots,  and  blatoricax  intc^rcsi.  in  short- 

'fcoi'm-payol':?  Xt  is  in  the  nat;iD)ui.l  interest  t'nat 

Uiene  alt  ernate  enx'ine  development  progTaiiis  be  succeuc- 
X*ulX;iJ  cojDpleted.  ’.nuic^  G.ovcrninent  sho\ila  provide  in- 
centives «anO/or  chare  iJ^  the  iliudin/j;  to  ensure  that 
this  profiram  >'?ill  be  acco)nplis)ied*  Ont^oing  automotive 
progrtims.,  ftyjonsored  by  PDlT  anfl  XS^P/i,  provide  ample  pre- 
cedent. for  x'ov<trjwent.al  involvement,  iin  appropriate  • 
government  laboratory’  cJiould  monitor  progress  anO  par- 
ticipate ij)  pxogr?tm  direction  at  >iey  decision  poij'ite, 

Tile  other  obvious  oflset  against  developmental  costs  is 
the  real  poEsibility  that,  ac  indicated  by  the  report,  on  page  59 .t 
these  enfiines  “would  relegate  the  automobile  to  a seeonda'ry  place 
in  t)^e  list  of  tna;jor  polluters,”  Given  the  iTinnense  social  and 
cnvironmojtiil  dividends  il^at  s^ic))  a happy  circumstanee  would  'V>ri>^Xi 
to  a wide  range  of  air  j'allut.ion  related  problems,  we  camiot 
fail  to  evalxxate,  carefully’  aj>d  thorou/hly,  the  opportunities 
suggested  by  i))is  report. 

For  these  reasons,  and  others,  Wr,  President,  X strongly 
urge  you  to  tav;e  the  lead  /md  marslmlX  t.)\e  :full  resources  of  Uie 
federal  government  and,  acting  ij^  cojicerfc  with  industry, 

to  foiitiate  a sustained  effoi’fc  to  develop  a nev;  automobile  engine. 
I have  co)i3J5ui:3icated  these  saine  tOiouf^jts  to  Senator  MusJiic  as 
Chairman  of  the  Subconunittee  05i  Ehv:£rc‘/):j}ej)tal  Pollutioj^  of  the 
Senate  Public  Wor3iS  Conaaittee  in  the^fjope  thr*t  effective  and 
coordinated  Congreuuional  action  can'^be  taHen, 

X recognise  tl^at  fiscal  restraint  is  essential  In  face  of 
the  ij'mujnerable  ccmipetiiig  demands  made  on  the  federal  budget, 

Never theless,  I can  lUftagine  fev>?  natioj^aX  initiatives  vdiich'pro- 
iniee  greater  social,  cniej'gy,  ajiri  environmental  dividendii  tVfSn  the 
development  of  a truly  fuel. efficient,  low  pollution  automobile,' 

.T  would  rcspectlhlXv  urge  your  iimricidiatc  and  favorable  consi- 
deration of  such  an  iJiiticttive, 


Sijiccrely 


>U</' 

Pt^te  V,  Domenici 
briit(?d  .Gtates  Gena  tor 
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3,3 wox able  Ei3m\»'jd  S.  3v4us)»ie 
Oiairmaj) 

ComiT)ii.l.<ic  on  PiibJic  \Vor)ts 
United  /3i-til-«s  .Senut-e 
Wati)j)n|>Uinj  X),  C. 

Dcur  3\’Sj-.  CJjairjriaji: 


A recent  j-epoxt  froJTx  the  Caii/ornia  I)>f:titul<*  oi  Tec}jnolo|;y 's 
^el  Pi'op^iiaJon  i,«hbt>i'fit.ory  entitled  "Jahonld  We  33ave  » New  ITnjiine” 

. has  idenlliicd  the  Stirling  and  BrayCon  cnginen  as  having  the  poteniiai 
of  being  fru'ly  iuel  eilicient^  virioaliy  jic»jutul>oXf»«/ree  cjigines. 

The  impojiance  ot  such  a development  can  hardly  be  over^ 
eBllrniitcd. . .At  ave^'y  turn, -onr-atfjcmplCiUjroJUgb-Uie.Clean_Aix/Act  ic 
prolecl  Ibe  jmblic  health  in  urban  areas  have -been  stymied  by  i?>e 
i»herentidj£fic\dlics  td  ^'e.aniyig  np  the  mternai  coTnbt»ction  engine. 

Attempts  to  control  poUntion  .trom  the  internal  rojnbustion  cngi.nc  by 
catalysts  have  only  spawned  a nev/  round  oi  pollulants. -■  Delay rj  granted 
the  avitomakers  have  in  him  meani:.  the  imposition  <»£  more  draconian 
transporlaiion  control  strategies  on  coTriTruinities  to  ac-hicv*e  Oie  public 
hei<Hh,.re}atcd  rorpiircmonls  oS.  the  Clean  Air  Act;  All  IboAvhile^  continued 
reliance  on  the  internal  combustion  engine  only  serves  to  exacerbalo 
boli)  Ihe  energy  crisis  a>3d  our  dependence  t«n  it»reign  -oil  supplies. 

Given  Die  immense  social  dividends  ibut  a new  engine  would  bring, 
nnd  their  integral  relationship  to  our  present  eliort  to  amend  the  Glean  A tv 
Act,  3 would  urge  that  you  eohtacl  the- cojTirmltee's-leadersbip  and  Uie 
subcojnmit  tee's  ranliing  jTjinoxify  member  .about  ihe  possibility  o£  holding 
subcommittee  hearings  in  ihe^’jeai'  £utuxe  oji  this  critical  iopie,  . In  iac-t, 
given  ihebi  oad  implicat ions  oi  the-  repori,  3 i-uggesl  that  lollowing  the 
siiui-oTomitteu  hearings  yox>  nxay  w>aJiL  to  ash  the  benate  loadershij'*  to  retiuest 
■ an  in-dcplh  review  ot  the  nation's  e/j'or<s  in  ihi*  area,  inclxubng  the  initiaiion 
of  .ioinl  Jjcarjngs  by  ll)c  I'-’ublic  WorJis,  Gomme.rco,  and  Interior  CojiiVniUees. 
1 v/oxild  ho)iL:  that  jierhapfi  such  heai'ingf.  could  be  scheduled  prior  to  tmi* 
reassessing  the  autoanobile  cmissiwi  slamlards  in  full  comniiUeo  jnarhnp. 
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Edvrtuml  S. 
fit;j»U'Jr»l>i'j  7(», 

*lvv(» 


1 Jiwuw  you  art  ass  int-rjpucd  aft  1 avfi  by  Ihe  .W-t  PropnltiWi 
l^aboraJory  *i;  f:uji{*efti><>yj'lbai  about  $J  biDion  ijjv«>ft{od  »«  Iho  Br«»yt07i 
■and  iJtiirJiiiR  fntjjjL'ft  now  covdd  rt'SuU-  in  an  anmuO  patJ* oleum  <-oj,l 
tavli^ys  of  &Hi  biliittn  in  i-be  Iwivrc.  Thai*  plus  the  ccolofiica)  btuefits- 
iiuUinail  in  Ibis  report,  o’fiorft  u ftuporb  opporlxuiify  for  timely  Jc{iiftJative 
•tcfion. 

Jl  thiu’o  ifi  anylhinfi  3 caji  do  to  be  of  ctftftiftUtpec*  please  do  not 
lit'ifil-atc  to  call  upon  mu,  liJjadCftl  personal  refjards. 

Sincerely* 


Pete  V,  J0omen.it*i 

PVD/lrkd 


15-6 


^prefease 


Sopt  ftjsl)(&r'  1 G;  T97S  ” ’ 

' “ , ' i 

_ Contact?  Steve  Bell 


pete  V.  domenicf. 


.ntw  mcxiro 


Ubitfliftf.  - 


VwM  fCy  , - »VMJ.iwiwi;c.:t::'««'p 

\p  WASHINGTON,  J3.C.— U.S.  Sen.  Pct^;  Doraenici  (R-HM;  , a 

the,' Senate’*!  Rnvironiuental  Pollution  Suhcoramittce,  has  ashed  for  special 

joint  hearings  of  three  Senate  Committees  **as  soon  as  poss'ible*’  to 

conj^ider  a recent  report-  that  suggests  a noiv^polluting  auto  engine  is 

possible  within  a decade. 

'/lie  report,  ’’Should  We  Have  a New  BngineV,”  was  issued  last 
weeh  by  the  det  JVopulsion  laboratory  of  the  California  Institute  of 
Tchenoiogy,  with  funding  by  Ford  Motor  Co, 

boBienici  said  t)mt  "my  study  of  this  report  indicates  that  the 
technology  may  be  available  for  a watershed  breakthrough  in  our  effort*; 
to  control  auto  pollution  and  to  reduce  gasoline  consumption  dramatically, 
'fhe  auto  companies  have  been  sluggish  in.  their  research  and  costs  will 
require  federal  involvement." 

In  his  letter. to  Bnvxronmental  Pollution  SubcommittcE  Chairman 
Sen.  Btound  Muskie,  Doaenici  said  that”ot  every  turn  our  attempts,  through, 
the  Clean  Air  Act  to  protect  the  public  health  in  urban  areas  have  been 
stymied  by  the  inherent  difficulties  of  cleaning  up  the  internal 
combustion  engine.  Attempts  to  control  pollution  from  the  internal 
combustion  engj.ne  by  catalysts  have  only  spawned  a new  round  of  " ' ' ’ 

pollutants," 

jlomenici  called  ic^r  joint  hearings  of  the  Senate  Public  Works, 

(dimmer ce,  and  Interior  Committees,  prior  to  full  Public  Works  Committee 

consideration  of  amendments  to  the  Clean'  Air  Act,  T1>e  Environmental 

Pollution  Subcoinsoittee  ints  been  attempting-  to  dr^ft  amendments  to  tliat 
act  ior  more  than  three  months. 

study  of  new  potential  engine.*;  identified  both  the 
israjton  and  the  Stxrixng  engines  as  technologically  feasible  alternatives, 
m.the  present  Otto  (internal  combustion)  engine,  - Both  engines,  the 

says,  could  be  developed  with  an  estimated  investment  in  research 
around  $150 -million  snminiiy  over  five  to  eight  years. 
ccojKimy  , alone,  from,  the  new  engines  would,  be  an  e.stimated 
xon  annually  (at  an  $11  per  barrel  petroleum  cost).  — — ■ 


■M 


.15-7. 


77-40 


Critique  by 


Jerry  A.  Peoples 
2419  Greenhill  Drive  NW 
Huntsville,  AL  35810 
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Jerry  A.  Peoples 

2419  Greenhili  Dr.  N.  W, 

Huntsville,  Alabama  35810 


Sejjteinbtr  17,  1975 


I'.r.  R.  RUoads  otephenson 
Jet  Pro^jUlsion  Lfiboratory 
4 BOO  OaR  Grove  Drive 
D.^^eaaeria,  California  91103 

Dear  Dr.  Stejjl'ieniion 

I vjnnt  to  thanjC  you  .Cor  sending  me  a co^y  of 
"iin  Automobile  Power  System  Evaluation."  I 
congratulate  you  ana  your  staff  for  the  pro- 
fescionaL  cha-a cteristics  of  the  re^jort.  fhe 
dejth  and.  variety  of  concept  j^i^r'impressive. 

You  e. rtainly  have  made  a contribution  to  those 
arguements  regarding  the  nature  of  tne  future 
auto  mo  bile. 
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Curtiss-Wright  Corporation 
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and 

Response  by 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91I0I 


RE;  34LPE-77-184-17 
June  29,  1977 


Mr.  Charles  Jones 

Director  of  Engineering,  Rotary  Combustion  Engines 

Curtiss-Wright  Corporation 

One  Rotary  Drive 

Wood-Ridge,  New  Jersey  07075 

Dear  Mr.  Jones: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

This  letter  is  in  response  to  your  letters  to  Mr,  R,A.  Mercure  of  the  ERDA  and 
Dr.  R.R.  Stephenson  of  JPL.  In  the  time  period  since  your  communication  with 
Dr.  Stephenson,  JPL  automotive  assessment  studies  have  been  restructured.  The 
current  work  and  the  critique  response  plan  are  summarized  in  the  attachment. 

Regarding  your  comment  on  our  minimal  recognition  in  Volume  I Summary  of 
Advanced  Otto  and  Otto  Stratified  Charge  engines,  your  point  is  well  taken 
although  you  can  appreciate  the  problem  of  condensing  a large  amount  of  techni- 
cal data  into  a summary  format.  Although  Volume  I lacks  discussion  of  these 
engines,  the  data  presented  in  Figure  14,  which  conpares  the  projected  fuel 
economy  potential  of  advanced  configuration  heat  engines,  does  include  both 
the  Uniform  Charge  (UC)  Otto  and  Stratified  Charge  engines. 

Regarding  your  comments  on  terminology  in  respect  to  classifying  heat  engine 
technology  as  "Present,"  "Mature"  or  "Advanced,"  such  ratings,  of  course,  are 
subjective  and  suffer  from  the  lack  of  industry-wide  concensus.  A consistent 
assumption  we  made  for  all  "Advanced"  configurations  is  that  their  high  temper- 
ature components  would  be  manufactured  from  ceramic  materials  in  order  to  take 
advantage  of  increases  in  thermal  efficiency.  This  assinnption  is  consistent, 
for  example,  with  the  Advanced  Brayton  engine  since  it  is  the  only  configura- 
tion containing  ceramic  gasifier  and  power  turbine  wheels.  Accordingly,  the 
earlier  versions  of  the  Brayton  engine  are  considered  less  "Advanced"  even 
though  they  may  have  the  benefit  of  a considerable  amount  of  technological 
development.  In  this  regard,  the  classification  of  the  rotary  engine  as  an 
Advanced  UC  or  Stratified  Charged  Otto  configuration  may  be  somewhat  misleading. 
The  intent  was  to  show  the  engine  as  "Advanced"  relative  to  the  progression  of 
more  conventional  Otto  cycle  engines,  i.e, , reciprocating.  The  rating  does  not 
necessarily  relate  to  the  developmental  status  of  rotary  engines,  per  se. 


Telephone  354-4321 


Twx  910-588-3269 


Twx  910-588-3294 


I JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  Califoinia  9110B 
Mr.  Charles  Jones  -2-  June. 29,  1977 


The  latest  Curtiss-Wright  data  published  for  the  Stratified  Charge  Rotary 
engine  is  Impressive  relative  to  other  engines.  Using  the  methodology  of  the 
APSES  report,  the  limited  amount  of  such  data  unfortunately  does  not  permit 
the  extrapolation  of  these  test  results  to  corresponding  Federal  Urban  Driving 
Cycle  projections.  We  are  of  the  opinion  that  this  must  be  accomplished  before 
meaningful  comparisons  can  be  made  with  other  heat  engines.  In  this  regard, 
we  would  be  interested  in  further  conversations  with  you  in  advancement  of  our 
follow-on  automotive  study  effort. 

It  is  general  knowledge,  of  course,  that  earlier  versions  of  the  rotary  engine 
have  met  with  less  than  complete  success.  As  you  know,  the  single  auto  manu- 
facturer using  the  engine  has  experienced  marketing  problems  with  the  rotary 
equipped  vehicles.  In  addition,  the  decision  of  a major  domestic  automotive 
company  to  postpone  introduction  of  the  rotary  engine  because  of  high  base 
level  HC  emissions  and  relatively  poor  fuel  economy  has  not  furthered  the  case. 
If  your  own  recent  developments  with  the  Stratified  Charge  engine  indicate 
that  these  trends  can  be  reversed  we  would  be  pleased  to  discuss  them  with  you. 

In  regard  to  our  restrictihg  complete  vehicle  comparisons  in  the  Simnnary  to 
only  compact  cars,  we  felt  that  the  compact  car  would  be  the  most  meaningful 
example.  In  order  to  minimize  duplication  of  data  from  Volume  II,  the  fuel 
economy  results  in  Volxime  I are  presented  for  comparative  purposes  using  a com- 
pact vehicle  throughout.  The  approach  provides  a meaningful  and  consistent 
comparison  of  fuel  consumption  results  for  the  "Present,"  "Mature,"  and 
"Advanced"  engines  for  one  class  of  automobile.  But  as  you  suggest,  the  trends 
inherently  may  not  be  parallel  between  different  classes  due  to  different 
p^wer-to-weight  ratios  of  particular  engines. 


We  appreciate  the  effort  you  have  taken  to  review  the  subject  report,  and  found 
your  critiques  to  be  most  stimulating.  We  are  looking  forward  to  a continuing 
Interechange  of  information. 


Harry  E.  Cotrlll,  Project  Manager 
Automotive  Technology  Status  and 
Projections 


HEC:nrw 

Enclosure 
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CURTISS-WRIGHT  CORPORATION. 

ONE  ROTARY  DRIVE  . WOOD-RIDGE,  NEW  JERSEY  0707S 


September  22,  1975 


Dr.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratories 
4800  Oak  Grove  Drive 
Pasadena,  California  91104 

Dear  Dr.  Stephenson: 

I wish  to  thank  vou  for  nuz-oonx  of  the  CalTech  JPL  report  "Should  We  Have  A 
New  Engine?". 

I have  not  reviewed  the  entire  report  in  detail,  but  have  studied  Chapters  2, 

3 and  4 of  Volume  II,  which  cover  areas  related  to  my  experience  with  Rotary 
Engines,  at  some  length  and  wish  to  congratulate  all  involved  with  these  sections 
on  having  done  an  excellent  joo. 

My  strongest  concern,  however,  is  that  the’  Summary  Volume  I does  not  represent 
Chapters  j and  4 ot  Volume  II  by  either  content  or  conclusions.  The  advanced 
Otto  or  Otto  Stratified  Charge  concepts  are  not  mentioned  and  their  relative 
position  never  discussed.  Furthermore,  tne  audience  to  whom  Volume  I is  addressed 
is  completely  different  than  those  for  whom  Volume  II  was  written  and,  therefore. 
Volume  I must  either  put  the  entire  picture  in  perspective  or  else  clearly  state 
that  detailed  study  of  the  second  volume  is  essential  to  cover  those  aspects  not 
treated. 


I do  have  some  reservations  about  Volume  II  as  well,  but  I consider  them  less 
serious  because  the  informed  reader  is  given  sufficient  facts  to  establish  a 
more  balanced  overview.  Specif  ically^  the  .definition  of  'iMature"  and  , "Advanced" 
is  not  consistent  from  .Utio  to  the  Bragton  and.  S-titling^t^cies . "Mature"  is  re- 
presented as  current  state-of-the-art  as  demonstrated  experimentally,  partially  in 
some  cases,  with  existing  technology.  Yet  the  standard  for  "Present"  Bray ton 
engines  is  defined  as  the  level  of  pre-prototypes  which  have  seen  exploratory  field 
testing  or  test  bed  trials,  whereas  the  "Mature"  Bray tons  represent  a fairly  sub- 
stantial step  forward  to  reduce  weight  and  cost  as  well  as  combined  component 
efficiencies  and  complex  transmission  changes  to  solve  existing  operational  problems'. 

The  experimental  rotary  engines  which  have  run  at  Curtiss-Wright  and  elsewhere  not 
only  represent  a lesser  technical  advance,  but  at  demonstrated  fuel  economies,  size 
and  weight  can  realize  substantial  passenger  car  fuel  consumption  improvements,  without 
requiring  any  further  developments.  For  example,  the  1963  vintage  Otto  cycle  car- 
bureted "pre-prototype  " rotary  at  Curtiss-Wright,  as  documented,  would  probably 
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Dr.  R.  Rhoads  Stephenson 
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September  22,  1975 


register  the  15%  "Advanced"  status  system  (OEE)  improvement  you  attribute  to 
"propagated  vehicle  weight  reduction"  on  page  4-32,  without  requiring  the  addition 
.of  charge  stratification  and  ceramic-technology  reduced  heat  losses,  by  virtue  of 
weight  and  size  advantages  coupled  witha  basic  engine  (SEC)  fuel  consumption  equal 
or  better  than  the  "Present"  Otto  cycle  engines.  Furthermore,  the  Stratified 
Charge  Rotaries  have,  in  our  publications  you  reference,  already  demonstrated  the 
approximately  15%  engine'  fuel  economy  gain  over  conventional  piston  Otto  engines 
on  a Specific  Fuel  Consumption  basis  along.  Any  further  gains  on  your  OEE  basis 
would  be  additive,  reducing  system  fuel  consumptlont  accordingly.  Application  of 
similar  standards  of  classification  as  used  for  the  continuous  combustion  cycles 
would  group  these  engines  as  "Mature",  recognizing  that  the  technology  for  low 
fuel  consumption  Rotary  Engines  as  well  as  technology  for  Rotary  Engine  emission 
control  is  currently  available. 

This  issue  is  particularly  grave  because  classification  of  either  of  these  rotaries, 
with  the  desirable  buc  nor  essential  (as  discussed  above)  addition  of  ceramic- 
technology,  as  "Advanced"  automatically  removed  the  engine  from  any  further  mention 
in  Volume  I.  This,  for  the  vast  majority  of  readers,  removed  the  engine  from  any 
further  consideration  whatever. 

Finally,  restriction  of  complete  vehicle  comparisons  to  only  the  compact  car  size, 
ignores  the  irreversible  trend  towards  even  smaller  and  lighter  vehicles  and,  for 
that  reason,  may  be  seriously  misleading.  As  stated  above,  we  believe  that  not  only 
will  the  Rotary  Stratified  Charge  engine  be  closely  competitive  with  the  Brayton 
and  Stirling  cycle  engines  in  the  compact  to  large  size  automobiles  but,  more 
importantly,  will  outstrip  both  of  these  larger  and  heavier  powerplants  in  the 
.small  and  mini-sized  vehicles.  Putting  both  engine  types  on  what  we  regard  as  more 
comparable  maturity  planes  would  further  accentuate  the  advantages  we  anticipate. 


f 


Charles  Jp^s 

Director  t>r  Engineering 

Rotary  Combustion  Engines 

CJ;dd 
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CURTISS-WRIGHT  CORPORATION 

ONE  ROTARY  DRIVE  . WOOO-RIOSE,  NEW  JERSEY  07075 

March  31,  1976 


Mr.  R.  Hercure  ORIGIfTAIl  PAGE  K 

U.  S.  Energy  Research  and  Development  Administration  OP  POOR-QUALITY 

Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 

20  Massachusetts  Avenue,  N.W. 

Washington,  D.C.  20545 

Dear  Mr.  Mercure: 


In  resDonse  to  your  "Announcement"  distributed  at  the  SAE  International 
Congress  in  Detroit  last  February,  a copy  of  the  JPL  critique  sent  to 
Dr.  Stephenson  last  Sppternoer  and  current  test  data  is  enclosed. 


The  main  objection  raised  in  the  September  22nd,  1975  letter  can  be  sum- 
marized as  an  inconsistent  engine  "maturity"  classification.  The  recent 
stratified  charge  data  being  transmitted  mt\)  this  letter  supports  the 
position  that  stratified  charge  rotary  engines  currently- on  our  test  stands 
have  demonstrated,  with  significantly  improved  size  and  weight  character- 
istics, specific  fuel  consumptions  in  the  princioal  road-load  operating 
range  superior  to  the  presem:  automotive  diesel  engines.  Development  of 
these  engines  is  an  active  program  at  Curtiss-Wright  and  will,  we  believe, 
lead  to  further  improvements  in  the  near  future. 


Figure  1 compares  our  experimental  stratified  charge  rotary  engine  data, 
at  a representative  '2000  RPM,  with  the  Ricardo  Mark  V Diesel,  (ref.  1)  which 
v.'e  believe  to  be  representative  of  present  automotive  diesel  engines,  many 
of  which  were  directly  derived  from  either  the  Mark  V or  prior  Mark  IV,  Fig- 
ures 2 and  3 compare  "raw"  emission  results  to  published  (ref.  2)  results  for 
the  Texaco  TCCS  reciprocating  stratified  charge  engine.  We  exuect  further 
improvement  in  HC,  but  v.'hat  is  particularly  note’worthy  is  the  low  values, 

which  are  a strong  olus  for  the  rotary.  In  addition,  both  the  TexacO  engine 
which  has  shown  good  fuel  economy  and  good  emission  control  in  vehicles,  and 
our  direcc  injected  rotaries,  are  multi -fuel  engines,  offering  a significant 
national  resources  advantage  through  their  capability  to  burn  a vvide  range  of 
fuels.  The  gain  in  BTU  per  barrel  of  crude  through  use  of  a middle-distilla' 
fuel  has  been  developed  in  detail  by  Texaco  in  their  recent  publications  (Re 
We,  of  course,  welcome  further  inquiries  and  would  encourage  a running  dialogue 
including  visits  to  our  facility,  with  your  investigators. 


The  last  point  in  my  letter  to  JPL  raises  the  issue  of  a stronger  advantage  for 
rotary  engines  in  the  smaller  cars,  where  the  weight  is  even  more  important. 
This  point  sliculd  be  confirmed  by  extrapolating -the  JPL  calculations  to  the 
smaller  vehicle  end  and  publishing  the  results. 
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Harch  31,  1976 


in  addition  to  our  data,  you  should  also  solicit  information  from  Toyo-Kogyo. 
The  1976  Mazda's,  as  you  are  probably  aware,  have  demonstrated  significant 
fuel  consumption  improvements  over  earlier  models  and  are  competitive  vn'th 
other  high  performance  vehicles.  If  their  performance  is  properly  scaled 
to  an  "Otto  Engine  Equivalent"  (OEE)  basis,  the  comparative  rating  should 
prove  favorable.  We  have  also  taken  the  liberty  of  enclosing  pertinent  SAE 
papers. 


CJ:dd 


Very  truly  yours, 

Charles  Jc.hes 
Director  of  Engineering 
Rotary  Combustion  Engines 


cc:  Dr.  K.  Yamamoto  (^Toyo-Kogyo)  - Japan 
Enclosures: 

1 - Letter  C.  Jones. to  Dr.  R.  Rhoads  Stephenson  dated  9/22/75 

re  JPL  Repo“rt“ 

2 - Ref.  1 - EPA-460/3-74-01 lA  Report  Dated  October  1975  entitled 

"A  Study  of  Stratified  Charge  for  Light  Duty  Power  Plants",  Vol . 1 
Office  of  Mobile  Source  Air  Pollution  Control 
Emission  Control  Technology  Division 
Ann  Arbor,  Michigan  43105 

3 - Ref.  2 - Report  - "The  Texaco  Control led-Combustion  System  - A 

Stratified  Charge  Engine  Concept  - Review  and  Current  Status  by 
W,  T.  Tierney,  E.  Mitchell  and  M.  Alperstein 

Presented  at  The  Institution  of  Mechanical  Engineers  - "Power  Plants 
and  Future  Fuels"  Conference  - London,  England  - January  1975 

4 - Ref.  3 - Article  - "Fuels  for  Transportation"  - Published  in 

Automotive  Engineering,  January  1976 

5 - Fig.  1 - Comparison  of  Stratified  Charge  Data  with  Ricardo  Mark  V Diesel 

6 - Figs.  2 & 3 - Compare  "raw"  Emission  Results  to  Published  Results  for 

Texaco  TCCS  Reciprocating  Stratified  Charge  Engine 

7 - SAE  Reports  ?650723,  =720468  and  #741206 


17-7 


A’c  /-so  s-.c:, 
:^ooo 


<o<pA^f/^/7/:/so/j  ^//7ry  — 


m/^jZ 


/<cf/g/g  - y -:s-7-ryz)y  cs/r 

cr///^/s'<s-<£-  /=-tp/c  c/a/yr  0£/ry 
Paiv.C/^  /^z/tA/rs  Wo/.  / 
/^y>Al  - v k;  0/3  - 7'A  - o//y^ 

£><rr  /<?7S‘ 


/ooo 


-SO  00 


^-00  a 


foo  70  6lp  9o  /OO 


A't  Z/--} Af  ib.  y/-/:  (-  T /jS/T  ZT'‘S'Oy  'Z.  - y>S c! 


y-yc  / 


- /V/f /<i /-/ T~  ; 

.'j  cot:-?/^V  combc/st/o^J  efJC>vjE. 


/ P - 


<rofjc£/-^r-  Cciv'/Si'J  ^sr.-),r!j^  P/££S£^'^'T£0  ^r  t:-x=  AtW:  /</-'<w.  .f=r<~Xsivj.'-',  . 

■ • --  ■ - • '..._.  t~  - 

17-9' 


<r/-//}^<^£‘  /co7y)/<y  <^o/wSiJsyo/\/  6‘a/<suJ^ 

^o<:><o  CV-^z-L-/ 

/^/7  /Z  7"  CO^-//'  /'■yUr'L  COA/StJA/Pr'/i:)Ay 


77-40 


77-40 


Critique  by 

Daimler-Benz  Aktiengesellschaft 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE;  34LPE-77-177-18 


June  29,  1977 


Professor  Dr.  -Ing,  Hans  Joachim  FSrster,  Direktor 
Daimler-Benz  Aktiengesellschaft 
Stuttgart-Untertuerkheim 
7 Stuttgart  60  Postfach  202 
West  Germany 

Dear  Professor  Forster: 

SUBJECT:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R.  A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  forwarded  your  letter  to  us  for  reply.  Our  automotive  engine  studies 
were  subsequently  restructured,  and  a summary  of  the  current  program  is  enclosed. 

Our  response  to  the  subject  critiques  is  a part  of  the  program. 

The  scope  of  the  current  effort  does  not  include  new  technical  work  in  direct 
response  to  specific  points  of  each  critique.  Our  approach  is  to  note  in  detail 
the  composite  concerns  expressed  by  the  writers  and  make  them  part  of  the  future 
work  in  several  task  areas  of  the  ATSP  project.  Thus,  our  responses  to  the 
critiques  will  be  implicit  in  the  future  work,  rather  than  explicitly  stated 
point  by  point  in  each  letter. 

We  would  like  -to  offer~s"ome  general  comments,  however,  regarding  the  questions 
raised  in  your  letter  which  concern  various  aspects  of  the  Otto-engine  equiva- 
lent (OEE)  horsepower  of  Brayton-engined  cars.  Based  on  results  of  computations 
using  our  vehicle  simulation  computer  program  (VEEP) , we  find  that  acceleration 
performance  with  a hydromechanical  continuously  variable  transmission  (CVT)  is, 
in  fact,  noticably  faster  than  with  the  conventional  hydrokinetic  transmission. 
Thisis  supported  by  a separate  simulation  cited  in  SAE  Paper  #740308,  by 
E.  Orshansky,  et  al;  and  thus  a lower  engine  horsepower  is  required  for  the  same 
performance  level.  The  50  to  80  mph  DOT  passing  criterion,  where  the  two  trans- 
mission may  yield  more  similar  results,  was  not  Imposed  in  our  study  as  a re- 
quirement for  Otto  equivalency.  Since  highway  passing  performance  is  an  important 
safety  consideration,  we  will  review  the  impact  of  this  crierion  in  future  work. 

As  to  your  second  question  regarding  comparisons  among  different  engine-transmission 
combinations,  the  single-shaft  Brayton  engine  was  assigned  a CVT  because  it  needs 
-one  in  order  to  make  it  feasible,  due  to  its  unfavorable  torque-speed  curve. 

The  torque  characteristic  of  the  two-shaft  Brayton,  however,  allows  it  to  be 
coupled  to  a typical  three-speed  automatic  transmission.  The  type  of  CVT  required 
for  the  single-shaft  Brayton  (see  pp.  5-25,  Vol.  II)  can  be  simpler  than  a general- 
purpose  CVT  for  other  engine  types . Because  of  the  long  and  generally  unsuccessful 
development  history  of  CVT’s  up  to  1974,  we  concluded  at  that  time  that  a 
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general-purpose  CVT  might  not  be  attainable  by  the  early  1980's.  This  entire 
area,  and  the  question  of  which  transmission  types  to  include  in  the  "Mature" 
baseline,  deserves  serious  attention  in  our  future  study  efforts. 

In  response  to  your  third  question,  regarding  power  augmentation,  no  aids  were 
assumed-  for  the  Bray ton  engine.  In  this  respect,  the  comparison  of  the  engines 
was  made  in  a comparable  manner.  We  hope  to  make  a similar  comparison  with  both 
engines  having  power  augmentation  including,  as  you  suggested,  the  diesel  with 
the  turbo- charger. 

We  appreciate  your  efforts  in  reviewing  the  subject  report  and  look  forward  to 
a continued  interchange  of  information.  Your  penetrating  questions  will  be 
addressed  more  fully  in  our  follow-on  studies. 


Sincer 


larry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections  Project 
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BAIMLER-BENZ  AKTIEN.  GES  ELLSCHAFT 

STUTTGART- UNiERTOBKHEIM 


Delmler-Banz  Aktienoeseittchaft  • 7000  SluUgart  60  • Postfadi  202 

U»3.  Eriergy  Research  and  Development 

Admi nl s trat i on 

Attn,;  R,  Mercure 

Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachussetts  Avenue,  N.W, 

WasMngton  D.C.  20  5^5 


tora  Zaichon  l!ira  Nachricht  vom  Unsara  Zelciian 

E6SB  Dr.  Co/p 
Dr.  Conrad 

B#l  Antw^rt  tltt9  angeben 


Tdlftfon-*Ourchwahl  (0711)  D^tum 

302  7825  25.08.1976 


A remaricable  result  of  'Uie  jPL-report  is  the  statement,  that  a 11 8 HP~slngle---shaf  t 
gas turbine  and  a 175  HP-Otto-engine  in  a car  of  the  same  type  give  the  same  acce- 
leration from  start.  How  is  this  possible? 

One  reason  given  in  the  JPL-report  is,  that  the  turbine  driven  car  is  lighter 
because  of  the  loiver  weight  of  the  turbine,  the  lovjer  power  and  the  resulting 
" weight  propagation^,  Hov/ever  this  explains  only  a difference  in  power  of 
about  50  HP  and  not  of  57.  Ihere  nust  be  therefore  additional  reasons,  one  of 
them  could  be  the  type  of  transmission  used,  ('On  page  5''25/2b  of  tlie  report  it 
is  mentioned  for  example  tliat  the,  hydroraechanical  transmission  is  a mean  to  im- 
prove the  acceleration). 


On  page  5.15-5.16  the  compared  0tto~engine  is  said  -co  be  equipped  with  a con- 
ventional automatic  transmission,,  that-  will  say,  it  is  assumed,  that  a single- 
shaft Gasturbine  with  hydromechani-cal  transmission  acceleia'^es  better  than  a 
Sl-engine  with  the  satne  power  and  with  an  automatic  ti-ansmlssion  or  othei-nvise 
expressed;  the  hydrcmechanical  transmission  converts  the  same  povver  muon  better 
than  the  conventional  automatic  transmission,  Buu  accordin;^  to  our  calculations, 
ao  least  for  the  31-engine  nhis  is  not  tiie  ease.  For  ex^npie  xhe  hjdx'cme  chard  cal 


transmission  decreases  xhe  time  foi*  accelaeraxion  to  oO  mph  only  by  less  ilian. 

1/2  sec,  xhe  lead  after  4 sec  is  one  cut*  len^xiT,  after  10  sec  about  2 car  lene,.-c-. 
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and  the  DOT-passing  distance  for  ^0/S()  rr.pii  is  practically  the  same  for  both 

transmissions . 

We  have  tnerefore  the  following  three  questions: 

First  question:  Is  it  your  opinion  that  the  acceleration  from  start  with  a 

hydromechanical  transmission  instead  of  a conventional  auto- 
motive transmission  with  torque  convertor  is  so  much  better, 
that  one  needs  by  about  20  liP  less  for  the  same  acceleration? 

Second  questioniSupposed  the  hydramechani  cal  transmission  is  better  than  the. 

conventional,  why  is  than  the  gasturbino  + hydromeohanical 
transmission  compared  to  an  Otto-engine  + conventional  trans- 
mission (pages  ]5“15  16)  and  not  to  an  Otto-engine  + hydrO'» 

mechanical  transmission  ?'• 

Third  question:  Are  there  any  other  facts  (in  addition  to  tlie  above  mentioned 
weight-effect) which  are  typical  for  1ije  gasturblne  and  not  for 
Liie , Otto-engine  ana -wnich  allow  to  decrease  the  gasturbine  dasl&'i 
power  by  about  20-25  K?  without  a decrease  iia  acceleration,  for 
example  is  there  a IcLnd  of  power  aiigmentation  (watering ection 
etc.)  ? 

We  would  be  glad  to  receive  a detailed  list  of  the  facts  which  cause  the  57 
HP-s^fference  between  the  Otto-engine  and  the  equivalent  single-shaft  gasturbine. 


Copy;  Mr.  Gregory  J.  Nunz , Manecer 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
4800  Oak  Grove  Drive,  Pasadena,  California  9i  i03 
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Prof.Dr.-Ing.  HANS  JOACHIM  FORSTER 

Direkior 

i.  Hs,  DAIMLER-BENZ  AKTIENGESELLSCHAFT 


7 STUTTGART  60  (Uiuerturkheitn) 
^ 3 02  22  84 

Qctober  7,  1975 


Mr.  R.  Rhoads  Stephenson 

Jet  Propulsion  Laboratory 
California  Institute  of 
Technology 

48oo  Oak  Drive,  Pasadena 
California  91103 


Dear  Mr.  Stephenson, 


Thank  you  very  much  for  the  copy  of  the  Caltech  JPL  report 
entitled  "Should  we  have  a new  engine?  An  Automobile 
Power  Systems  Evalution"',  We  are  stud-'’"^-^e  this  report  in 
detail  with  interest.  A first  survey  give  rise  to  tne 
quest-xon  wnether  the  performance  of  cars  with  Brayton  or 
Stirling  engines  might  not  have  been  over-evaluated  by 
the  fact  that  the  maximum  power  needea  for  a comparable 
performance  with  the  Otto-Engine  has  been  reduced  to  much. 
Another  point  is  whether  the  efficiency  of  smaller  engines 
will  go  down  too,  since  the  low  maximum  power  of  cars  fitted 
with  the  Brayton  or  Stirling  engine  is  one  of  the  main 
reasons  in  favour  of  the  two  systems.  The  evaluation 
of  the  overall  performance  of  cars  fitted  with  different 
engines  can  be  a very  important  subject, 

The  not  so  favourable  results  referring  to  the  Diesel-Engine 
do  not  agree  with  our  own  experiences,  especially  when 
you  take  turbo  charged  versions  into  account. 


Of  coui^^  the_ae-^re  only  preliminary  remar cks  which  may 
lose  there  substance  when  we  win  nave  got  a better 
understanding  by/ a thorough  study  of  the  report. 


Yours  sini 
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EE:  34LPE-77-165-19 

June  29,  1977 


Mr.  Brendan  Trainor 
2041  Holly  Dr.  .. 

HollyTTOod,  California  90028 

Dear  Mr.  Trainor; 


Subject;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

We  appreciate  the  interest  that  you  expressed  in  your  letter  regarding  the 
subject  report.  Because  of  the  strong  interest  of  the  U.S.  Energy  Research 
and  Development  Administration  in  transportation  energy  conservation  they 
have  sponsored  at  JPL  a follow— on  effort  in  automotive  technology  assess- 
ment. The  restructured  program  is  summarized  in  the  enclosure. 


In  our  follow-on  study  we  will  address  most  of  the  issues  you  identified, 
and  in  concurrence  with  your  suggestion  we  intend  to  interview  Richard  Smith 
on  the  subject  of  Rankine  engines  including  comparative  assessments  relative 
to  other  classes  of  automotive  engines.  His  contemporary  experience  in 
Rankine  cycle  engines  should  enhance  his  contribution  to  the  overall  evalua- 
tion of  alternative  automotive  engines.  Thank  you  for  bringing  this  to  our 
.attention. 


Project  Manager 
Automotive  Technology  Status  and 
Projections 


.HEC : nrw 
Enclosure 


Telephone  354-4321 
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BxeKdaa  Txainor 
P.O.  Box  551 

Hollywood,90028 

Be  Hhoftds  Stopheassii 

Principal  Imrestlgator 

AutoBK>bilo  PoHor  ^tens  Svalnatioa  Study 

Mr*  Siephenseat 

X an  tbaalcfal  to  you  for  wailtag  ibo  a copy  of  your  matleolous  ropoiet 

oa  steam,  gas  tnrbiae  and  Stirling  heat  engines*  Beaenbering  that  I an  a Joamaliat 

interested  in  altexnatiye  engineering,  X respoct  the  aaottni  of  voi&  that  has  gene 

into  yonr  Mport*  It  is  a carefally  considomd,  well  argunented  piece  that  shonld.  ba 

of  inralnable  reference  to  concerned  eitizens*  Your  Chapter  12  In  Volume  2 is  especialy 
invaluable* 

However,  as  one  idio  ha*  been  interested  in  the  Hankins  engine,  X would 
like  te  point  out  some  idarlng  errors,  and  alae  s^ae  underastimates  of  p^formanee 

regarding  the  Bankine  engine,  both  hietorioally  and  as  represented  in  the  work  of 

Blehard  Snith,  who,  it  stH>uld  be  remembered,  has  over  fourteen  years  direct  exp«d.enoe 
In  the  field,  and  is  the  only  steaa  aanufactuxer  tdio  builds  read  v^ilcl«s  for 

Paying  customers* 

First,  in  you  describe  steamKcs  as  losing  otdr  in  eoi^titien 

to  Otto  engines  because  of  " high  vei^t,  limited  range,  hi^  manufacturing  cost, 

and  overall  low  economy  of  opeMtien*"  X must  admit  that  I cannot  find  any  reputable 
automotive  historian  to  corroborate  that*  With  a few  exceptions,  steam  ears  (as 
opposed  to  steam  traction  farm  plows  and  steam  rollers  ) are  consistently  recorded 
as  much  smaller  and  ligaiiW  than  their  I.C*  rivals*  !Qie  Stanley  racers  were  the  first 
wind  ttamel  tested  racing  can  and  weighed  1^00  lbs*,  the  White  racers  were  also  extra 
light  in  eoaparison  to  the  Mercedes,  Napiers,  Fords  and  ChryBlers  they  raced,  and  usually 
bested*  The  racing  ears  had  oversized  boilers  in  comparison  to  the  production  oars  * 

^ioh  were  also  generally  lighter  than  their  I*G*  counterparts*  The  Boblea  were  luxoiy 

limousina  but  their  engine  compartments  were,  still  aomeidiat  saaller  and  lighter  as 
a system  than 
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their  coiintexpart  Bolls  Royce*  It  should  he  pointed  out  that  ve  oompate  complete  engine 
systenui.  That  is,  loC»  engines,  auxiliaries,  transmissions  and  differential  vso 
steam  generators,  engines  and  coiQ>liiig  gears.  Ho  steaa  engine  vorth  its  name  should 
have  te  have  a txanffioission.  It  is  simply  unheard  of  until  modem  tiises  to  require  a 
t ransmi  8sioa» 

Aa  to  limited  rgage,  steaaem  were  the  first  cars  to  go  from  Boston  to  Phllly, 
to  cross  the  Alps  in  Europe,  end  scored  hi^  or  won  every  endurance  race  run  idille  the 

they  were  allowed  is  compete.  It  is  true  that  the  Stanleys  did  not  use  oondensors  until 

1916,  giving  then  40-^0  mile  filling,  ranges,  However,  it  did  tn>t  take  long  to  refill  the 

tanks.  Ihe  Whites  during  that  time  had  excellent  range,  the  Bohles  improved  still  further. 

It  must  be  i^emhered  that  In  those  days  I»G.  ears  were  notorieus  for  bmaking  dom  and 

ranges  were  oompetlve. 

As  to  hlgii  Bsanufaoturlng  cost,  I.C.  manufacturers,  of  ooume,  did  not  invent  the 

assembly  line.  Althoiigh  a steamer  would  cost  you  .ten  times  as  much  as  a model  T,  It  could 
lut  you  ten  times  longer,  provide  a noiseless,  pleasant,  safe  ride,  and  would  not 

pollute  the  air.  And  as  the  ai^icles  I mailed  you  testify,  people  in  those  days  noticed 

that. 

Nowhere  can  I find  that  steamem  had  hi^d^r  maintenance  costs.  This  statement  certainly 
Buprlses  me.  So  does  sections  Stow  Bankine  maintensooe  compares  to  gas 

turbine  or  Stirling  I don't  know,  but  I'm  sure  it  is  superior  to  Otto  engines  with 
catalytic  convertors.  The  absence  of  moving  parts,  oluteh  anf  transmission  attest  to  that. 

In  7,1,4  I take  exceptloa  to  your  assumption  that  variable  pressure  steam  generatos 
and  fized<-admissioa  P.B.  expanders  are  the  best  steam  design,  Mohard  calls  fixed  cutoff 

a "disaster"  in  steam  engineering,  Althou^  his  engine,  custom  designed,  is  e;Q>enaive, 
he  feels  bis  design  could  be  massed  produced  easily  and  oheaply, 

Pez)uq>s  the  question  of  wei£^i  and  cost  is  heavily  dependent  on  the  amount  of  staln^ 
less  steel  used  in  the  generator.  The  Bobles  were  all  stainless  steel,  and  expensive, 

bat  indestructible,  requiring  very  little  manintenanoe,  &ith  does  not  use  much  stainless 
steel  in  his'  design,  gets  good  endxirance,  add  acceptably  low  mainten$Ma^ce, 

m short,  1 -thiiak  that  steam  is  sMture  sow,  and  could  be  mass  produced  iu>w»  It 

offers  several  advantages  over  the  turbines  better  torque  at  part  load,  lower  production 
costs  (l  believe  that),  and  better  fuel  economy  in  urban  and  suburban  driving  cycles, 

1 think  that  the  Smith  engine  could  be  on  the  read  in  three  years,  saving  millloaA  of 
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barrels  of  oil  in  lubrication  and  real  fuel  oonsoaption  (as  opposed  to  pJjoney  dynanometer 
EPA  t«sts)  , I take  exception  to  chart  7-11;  a Smith  engin®  uses  one  quart  of  oil  every 

2|000  iBiles»  no  oil  chango  necessary*  - 

Changeover  from  Saitb  engine  to  hydrogen  Stirling  engine  could  be  easily  accomplished* 
Steam's  superior  torque  to  hydrogen  may  find  some  applications  where  it  will  always  be 

superior* 

Fuel  consumption  by  future  and  advanced  Stirling,  if  it  is  as  you  projected,  may 
very  well  be  superior  to  Kmkine.  However,  even  in  the  future  smaller  vehicles,  used 
primarily  in  urban  cycle,  vas^  be  better  off  with  steam* 

But  if  BftwMriA  is  not  ultimate  answer  to  fuel  consumption,  I still  regret  that 

Smith  was  not  ir»+-«rwl«wed,  since  he  has  the  most  experience  and  knowledge  of  anyone 
in  the  field*  iiiw  results  for  the  money  spent  gotten  by  Lear  and  S*P*S*  and  Aerojet 
Bocket  are  ridiculously  poor  compared  to  S&tith.  and  the  historical  steamers* 

IThenk  you  a^ain, 

Brendan  Trainor 
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California  Institute  of  Technology  • 1800  Oak  Grave  Drive,  Pasadena,  California  91103 


RE;  34LPE-7 7-179-20 
June  29,  1977 


Mr.  Homer  J.  Wood,  President 
Power  Dynetics,  Inc. 

P.O.  Box  5710 
Sherman  Oaks,  CA  91413 


Dear  Mr.  Wood: 


Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  Robert  A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  has  forwarded  to  us  your  letter  along  with  its  Reference  2 (your  letter 
to  Mr.  Richard  D.  Burtz  of  Steam  Power  Systems).  Subsequent  to  receipt  of 
your  correspondence,  our  automotive  studies  were  restructured  and  a critique 
response  plan  developed  as  summarized  in  the  enclosure. 


Your  letter  to  Mr.  Burtz  contains  a number  of  statements  on  thermodynamic 
cycles,  availability  of  viable  ceramics,  lack  of  recuperator  or  regenerator, 
and  scaling  to  small  sizes  of  the  Brayton  engines  that  disagree  with  statements 
in  the  subject  repor_t.  We  acknowledge  your  well  delineated  points  and  feel 
that  it  is  important  that  such  significant  differences  of  opinion  be  fully 
understood  and  resolved.  The  several  points  you  brought  up  together  with 
related  ones  from  other  critiques  will  be  addressed  in  the  on-going  study. 


We  appreciate  your  interest  in  the  study,  and  your  thoughtful  critique  of 
the  report  will  be  valuable  in  our  follow-on  work.  In  those  areas  where  we 
are  not  in  total  agreement  future  dialogues  should  prove  to  be  quite  productive. 
We  would  welcome  an  opportunity  to  visit  with  you  at  the  time  the  Rankine  engine 
work  is  updated. 


.E.  Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HEC:cr 


Enclosure 


Telephone  354-4321 


Twx  910-588-3269 


Twx  910-588-3294 
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PowerDynetics,  Incorporated 


Post  Office  Box  5710  • Sherman  Oa\s,  CaUfornta  91413  • Phone  (213)  783-8162 

12  April,  1976 
Ref.  Ko.  10422 


U.S.  Enei^'  Research  2;  Itevelopnent  Administration 
Division  of  Ti’ans]iX>rtation  Energy  Conser\'ation 
20  Massachusetts  Avenue,  NorthY/est 
Washington,  D,  C.  20545 

Attention;  Mr.  Robert  A.  Mercure 

Heat  Engine  Systems  Branch 

Reference:  1)  Your  letter  dated  April  6,  1976. 

2)  Letter  Wood  to  Burtz  (SPS)  10  October  1975, 
Ref,  Ko.  10224A. 

Dear  Mr.  Mercure: 

In  reply  to  ycior  request  contained  in  refere:ice  1,  I am  enclosing  a 
copy  of  reference  2,  v;hich  was  released  publically  at  a.  California  legislative 
comnittee  meeting  on  IS  November  1975.  liter  discussion  of  this  irntter  with 
our  current  clientele,  I have  decided  to  mahe  reference  2 my  only  response. 

To  pix3\lde  an  adequate  and  properly  documented  critique  of  the  JPL 
report  wouid  require -tivie  that  we  do  not  have  available  ajid  funding  of  the 
magnitude  of  $109,000  or  more.  Use  of  my  name,  R;v.erL\'netics,  Incorporated, 
or  H‘.  J.  Y*ood  a:;d  Associates  in  a manner  tliat  would  Imply  approval  of  the  JPL 
report  or  any  revision  thereof  is  specifically  not  authorized. 

I regret  that  we  are  imable  to  acccmmodate  you  in  this  ma-tter. 

Yours  very  truly, 
POYi’ERDYKETICS,  IEC0RP0R.\T£D 


HJWytj 

end. 

cc:  W.  A.  Bass 


20-3 


PowerDynet ics,  Incorporated 


PDI 


Post  Of f ice  Box  57 10  • Sherman  Oa\s,  California  91413  • Phone  (213)  783'8162 

10  October,  1975 
Reference  #10224 


STEAM  POWER  SYSTEMS 

7617  Convoy  Court 

San  Diego,  Calif.,  92111 


cc : E . Cox 

W.  Bass 


Attention; 


Mr.  Richard  D.  Burtz 
General  Manager 


Subject: 


AUTOMOBILE  POWER  PLANTS 


Reference: 


Gentlemen: 


1)  "Should  We  Have  a New  Engine?"  Vol.  I and  II, 

August  1975.  Jet  Propulsion  Lab.,  California 
Institute  of  Technology. 

2)  SAE  660161,  "A  Polytropic  Technique  for  Gas  Turbine 

Performance  Prediction  and  Evaluation,"  January, 

1966.  Homer  J.  Wood. 

3)  SAE  690036,  "Influence  of  Gas  Turbine  Cycle  Parameters 

on  Regenerator  Geometry,"  January  1969.  Homer  J. 
Wood  and  William  A.  Bass  III. 

4)  SAE  739135,  "Performance  Potential  of  Single-Stage 

Gas  Turbine  Engines,"  lECEC  Meeting  Paper,  August, 
1973.  Homer  J.  Wood. 

5)  — NTIS  #PB-202-251,  "Manufacturing  Cost  Study  of  Selected 

Gas  Turbine  Automobile  Engine  Concepts,"  August  1971. 
E.  S.  Wright,  et  al/United  Aircraft  Research  Labs. 

6)  Gas  Turbine  World,  pages  38  and  40.  September  1975. 


This  is  to  present  my  comments  on  reference  1 in  confirmation  of  opinions 
expressed  at  our  conference  of  8 September.  As  agreed  then,  my  main  focus  will 
be  on  JPL  treatment  of  the  Bray ton  Cycle  engine.  Copies  of  references  2,  3,  4, 
and  5 were  handed  to  you  at  that  time.  A copy  of  reference  6 is  part  of  each 
copy  of  this  letter. 

Chapter  5 of  Vol.  II,  reference  1.,  contains  the  technical  arguments  leading 
to  a conclusion  that  Brayton  engines  are  one  of  the'  two  leading  candidates  for  a 
strongly-motivated  replacement  of  Otto-cycle  engines.  It  is  not  possible  to  prove 
that  conclusion  to  be  in  error , but  it  certainly  can  be  questioned  as  to  its  de- 
pendence on  manufacturing  technologies  for  which  there  is  no  proof  of  practicality. 
In  this  context,  the  most  doubtful  element  is  the  ceramic  disc  regenerator. 

PDI  has  been  intensively  involved  in  design  and  manufacturing  cost  studies 
regarding  gas  turbines  vs.  diesels  for  industrial  vehicles  since  1964.  This  work 
has  been  for  Deere,  Cummins,  United  Aircraft,  and  Teledyne,  and  involved  manufac- 
turing cost  studies  and  iterative  design  activities.  Furthermore,  "RSS-7"  of 
reference  5 was  designed  by  PDI  as  an  automobile  engine,  and  introduced  a tunnel- 
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sealed  all-metal  regenerator  as  an  alternate  to  disc  types. 

PDI  did  not  participate  directly  in  the  cost  analyses  of  reference  5; 
although  these  estimates  have  been  challenged,  they  represent  far  more  depth 
than  reference  1.  Behind  them  lie  several  years  of  joint  Deere,  UAC,  and  PDI 
studies  of  similar^engines  in  lower  production  quantities  commensurate  with  an 
industrial  market.  (Incidentally,  the  footnote- on  page  133  of  reference  5 is 
in  error.  More  recent  analyses  have  shown  that  titanium  is  not  necessary. 
Furthermore,  no  engine  proposed  therein  except  "RFT-4"  used  an  aluminum  rotor.) 
"RFT-4"  is  directly  comparable  to  the  "mature"  Brayton  engine  of  reference  1 , 
and  will  be  discussed  later.  Figure  51  shows  RFT-4  to  have  highest  manufacturing 
costs  in  spite  of  a compromise  in  BSFC  to  reduce  those  costs.  Table  XXVI  and 
Figure  52  show  RSS-7  to  have  lowest  ’’ cost-of -ownership, " and  this  difference  w.as 
based  on  much  lower  fuel  costs  than  are  now  projected.  Note  m.p.g.  figures  in 
Table  XXVI. 

References  2 and  3 present  analytical  methods  specifically  evolved  to  cope 
with  difficulties  PDI  encountered  in  evaluating  vehicular  gas  turbines,  and  their 
validity  has  been  verified  by  UAC  (recently  changed  to  "UTC")  and  other  clients. - 
Reference  3 is  particularly  important  in  providing  a methodology  for  minimizing 
bulk  and  cost  of  recuperators  or  regenerators.  All  realistic  production  cost 
analyses  of  which  we  are  aware  have  shown  that  such  minimization  is  essential 
to  bringing  gas  turbine  costs  to  competitive  levels.  Reference  3 demonstrates 
that  effectiveness  (assumed  by  JPL  at  a flat  0.90  at  maximum  power)  is  not  a 
valid  parameter  for  heat  exchanger  optimization. 

Using  Reference  3 techniques,  we  have  repeatedly  demonstrated  to  skeptical 
clients  that  a pressure“^atio  of  4:1  is  not  optimum  for  vehicular  service.  The 
arguments  are  complex,  but  relate  to  part-load  and  idling  fuel  economy  integrated 
over  a rational  driving  load  cycle  as  well  as  reduction  in  recuperator/regenerator 
manufacturing  costs  per  horsepower.  We  have  applied  these  methods  to  "mature" 
and  "advanced"  Brayton  engines  described  in  reference  1 , and  conclude  that  neither 
is  rationally  optimized  for  its  claimed  state-of-the-art  status.  However,  neither 
involves  thermodynamic  impossibilities  — — ■ just  inherent  configurations  that  are 
not  compatible  with  claims  of  low  production  cost. 

I see  the  major  obstacle  to  both  mature  and  advanced  Brayton  engines  to  be 
lack  of  a viable  recuperator  or  regenerator.  In  spite  of  over  15  years  of  serious 
development,  a ceramic  disc  regenerator  with  durable  seals  is  not  available. 
Furthermore,  it  may  never  be  available  because  of  inherent  problems  involved  in 
forcing  a matrix  to  function  as  a sealing  element  and  a pressure  vessel  as  well 
as  performing  a heat  transfer  function.  To  commit  substantial  development  funds 
to  Brayton  engines  without  an  assured  economic  solution  for  this  essential  com- 
ponent would  be  folly.  There  are  other  possibilities  than  the  ceramic  disc,  but 
our  studies  indicate  little  hope  for  their  manufacturing  cost  being  reduced  to 
levels  acceptable  for  automobiles  (as  distinct  from-  diesel-competitive  truck  and 
bus  service) . Reference  6 is  an  important  and  realistic  appraisal. 

A 

PDI  was  very  active  in  this  background. 

RFT-4  in  reference  5 would  have  a much  larger  and  more  expensive  regenerator 
to  match  RSS-7  fuel  consumption. 
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JPL  seems  to  have  accepted  claims  of  ceramics  enthusiasts  to  the  point 
that  they  suggest  that  both  "mature"  and  "advanced"  Bray ton  engines  could  be 
available  by  1985.  That  is  absurdity,  and  no  responsible  gas  turbine  engineer 
1 know  has  any  such  confidence  that  known  ceramic  problems  and  commensurate 
manufacturing  cost  difficulties  will  be  solved  in  any  such  time  span.  I am 
strongly  of  the  opinion  that  a viable  ceramic  rotor  (axial  or  radial)  for  a gas 
turbine  is  hopelessly  impractical  unless  a non-brittle  ceramic  is  discovered. 
Furthermore,  a viable  radial  turbine  is  even  less  likely  than  an  axial. 

Another  blind  spot  in  JPL  view  of  Brayton  engines  is  their  lack  of  ade- 
quate variations  of  cost/HP  with  engine  size.  I have  been  working  with  minia- 
turized turbomachinery  since  1 945 , and  a lot  has  been  learned  about  cutting  costs 
in  small  components.  However,  a lot  more  must  be  learned  (if  it  can  be  learned 
at  all!)  before  Brayton  engines  could  be  cheap  enough  for  "Mini"  and  "Small" 
automobiles. 

JPL's  enthusiasm  for  Stirling  engines  seems  remarkable  naive  in  view  of 
the  fact  (I  have  checked  this  rather  carefully)  that  only  one  road  vehicle  in 
the  world  is  running  with  such  a power  plant  (the  GM  Stir ling-battery  hybrid  is 
not  significant).  It  is  a bus  operated  in  Europe  by  Phillips,  and  it  is  far 
from  demonstrating  practical  road  performance  competitive  with  either  gas  turbines 
or  diesels.  Our  clients  that  have  made  serious  cost  studies  of  Stirling,  Brayton 
and  Diesel  engines  are  firmly  convinced  that  manufacturing  costs  are  prohibitive 
for  Stirlings  based  on  probable  evolution  from  present  technology.  This  con- 
trasts with  a JPL  conviction  that  no  "breakthroughs"  are  necessary. 

I emphasize  the  lack  of  vehicular  experience,  since  this  is  an  aspect  in 
which  Brayton  engines  are  not  deficient,  there  being  a 25-year  background  in  a 
wide  variety  of  vehicles.  A great  deal  has  been  learned  from  those  field  tests. 

To  give  Stirling  engines  a top  rating  from  their  present  field  evaluation  status 
is  very  naive.  In  other  words,  Stirlings  are  far  behind  Braytons  in  current  ^ 
evolutionary  status  as  to  knowledge  of  what  are  practical  and  durable  mechanisms. 
Known  problem  areas  are  rollsock  seals  and  cylinder  heads  (including  heat  ex- 
changers) . 

Although  not  very  important  to  SPS,  JPL  is  obviously  unaware  of  recent 
advancements  in  diesel  technology.  Probably  their  "fact  finders"  ran  into  un- 
willingness to  reveal  performances  and  technologies  currently  regarded  as  highly 
proprietary.  In  any  event,  the  advanced  diesel  is  much  more  attractive  than 
they  indicate. 

Part  of  the  apparent  merits  of  Brayton  engines  as  seen  by  JPL  is  their 
consistent  introduction  of  lower  installed  power  for  the  same  performance.  This 
can  be  shown  to  be  related  to  an  inconsistent  policy  with  respect  to  introduction 
of  advanced  transmission  concepts.  From  my  viewpoint,  the  only  factor  signifi- 
cantly affecting  installed  power  for"  a given  automobile  class  is  weight/HP  of 
engine  plus  transmission. 

* 

See- Table  12-5,  Vol,  II,  which  also  shows  the  absurdity  that  development  costs 
would  be  equal. 

Table  12-5,  Vol.  II  actually  places  a "mature"  Stirling  two  years  ahead  of  a 
"mature"  Brayton!  Another  absurdity! 
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Automotive  steam  engines  are  not  within  my  experience,  and  I remain 
skeptical  of  their  ultimate  viability  in  competition  with  Otto  and  Diesel 
engines.  Regardless  of  that,  they  certainly  have  plenty  of  practical  vehicu- 
lar experience  with  obvious  evolutionary  effects  (as  contrasted  with  Stirling 
engines) . 

I found  section  2.5.2  of  reference  1,  Vol.  II  to  be  a particularly  bad 
treatise  on  thermodynamics,  which  managed  to  draw  a ridiculous  conclusion  that 
engines  having  condensable  working  fluids  have  inherent  inefficiencies  that 
cannot  be  avoided.  This  is  not  even  true  of  water  as  the  working  fluid  unless 
the'  choice  of  cycles  is  limited  to  those  discussed  by  JPL.  Modern  steam  central 
power  stations  operate  at  thermal  efficiencies  above  40%  even  when  they  are 
rated  on  H.H.V.  instead  of  L.H.V.  fuel  standards.  Thus,  in  a generalized  thermo- 
dynamic review  (which  2.5.2  pretends  to  be),  those  condensable-fluid  power  plants 
are  as  efficient  as  diesels,  and  it  takes  binary  or  cascaded  cycles  to  beat  them. 
Nonetheless  JPL  uses  2.5.2  arguments  even  in  press  releases  to  degrade  Rankine 
engines. 

Of  course  the  various  cycles  used  in  large  steam  power  plants  .involve  lots 
of  strategies  (such  as  wet  condenser  towers)  that  are  not  available  to  automo- 
biles. Just  how  much  this  inhibits  practical  Rankine  engines  is  unclear  to  me, 
my  opinion  being  somewhat  prejudiced  by  overblown  claims  of  Lear  and  others  of 
his  ilk.  Accordingly,  I must  leave  it  to  SPS  to  critique  JPL  in  their  evalua- 
tions of  practical  Rankine  automobile  engines. 

Obviously  there  is  much  more  fault  that  could  be  found  with  JPL's  exercise 
in  academic  effrontery,  but  this  is  already  a long  letter.  I hope  it  will  be  of 
some  assistance  to  you.  Just  remember  that  my  own  opinion  is  favorable  to 
advanced  gas  turbines  in  trucks  and  buses  (but  those  engines  are  obviously  not 
visible  to  JPL).  As  to  automobiles,  I continue  to  think  they  will  be  Otto  or 
Diesel  engines,  with  a piston  Brayton  engine  having  a much  better  chance  than 
JPL  indicates. 


Yours  very  truly, 
POWERDYNETICS , INCORPORATED 

Homer  J.  Wood,  President 

HJWA»j 

ends. 
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.Westinghouse  Canada 
plans  for  35,000-hp 
2-shaft  machine 


Allison  sales 
up  45  per  cent 
In  past  five  years 


Predicts  0.44  sfc  > 
truck  turbine  engine 
by  end  of  1975 


Could  go 
into  production 
with  0.42  SFC  engine 


Company 
in  no  hurry 
to  start  production 


Westinghouse  Canada  is  beginning  to  publicly  release  information  on  its  new  industrial 
2-shaft  gas  turbine  which  is  ISO  rated  at  about  35,000  hp.  Designated  the  W-352  — 
intended  for  pipeline  and  process  applications. 

Two-shaft  design  developed  by  Westinghouse  Canada’s  engineering  department  is 
said  to  be  basically  derived  from  service -proven  W-251  technology.  Technical  paper  on 
the  W-352’s  design  features  and  performance  will  be  presented  at  the  4th  annual  Tur- 
bomachinery Symposium  being  held  at  Texas  A&M  University  in  College  Station,  Texas, 
October  1 4 through  1 6. 

Attendance  limited  to  first  700  who  sign  up  — requires  registering  in  advance.  Costs 
$130,  For  more  information  we  suggest  you  call  the  symposium  chairman,  Dr.  Boyce,  at 
(713)845-2924. 


Detroit  Diesel  Allison  sales  of  industrial  and  aircraft  gas  turbines  have  increased  45% 
from  1970  through  1974,  says  general- manager,  Jim -Knott.  Diesel  sales  climbed  43% 
for  the  same  period  while  power  transmission  products  sales  jumped  77%.  For  past  two 
years  the  Division’s  annual  gross  has  exceeded  $1  billion. 

Industrial  gas  turbine  portion  of  the  business  is  still  relatively  small  — when  compared 
with  aircraft  sales.  Built  mainly  around  the  3000  to  4500-hp  models  of  the  501 K deri- 
vative of  the  T56  turboprop  engine. 

Knott  claims  GT-404-3  truck  turbine  rated  at  360  hp  should  be  operating  with  a fuel 
efficiency  of  0.44  lbs  per  bhp-hr  by  the  end  of  the  year  — with  a 3,000-hr  life.  Says 
turbine  will  be  competitive  with  diesel  engines  when  the  SFC  gets  down  to  0.42  even 
though  diesels  now  getting  0.38. 

General  Motor’s  been  holding  to  that  0.42  SFC  figure  for  several  years  now  as  require- 
ment for  practical  gas  turbine  fuel  consumption  — for  trucks.  Assuming  goal  has  not 
changed  it’s  reasonable  to  expect  some  sort  of  limited  production  once  that  figure  is  hit. 

GT-404  or  505  will  be  offered  as  top  of  the  line  engine  — with  reduced  maintenance, 
longer  time  between  overhauls,  less  oil  consumption  (diesels  burn  quart  of  oil  every  300 
miles),  and  laok  of  vibration  as  main  operating  advantages  — and  selling  points. 


Knott  acknowledges  that  company  can  take  its  time  with  introduction  of  the  truck-bus 
turbine  engines  now  that  there's  no  competition.  Biames  failures  at  Ford  and  others  on 
ceramic  regenerator.  GM  has  stuck  with  stainless  steel  and  says  it  has  payed  off  in 
reliability. 

Big  question  is,  how  much  of  the  diesel  market  will  gas  turbines  take?  And  since  GM 
has  biggest  piece  of  the  truck  diesel  market,  how  much  is  it  willing  to  pass  over  to  turbines 
— presumably  at  a lower  profit  margin? 

Knott  is  looking  for  enough  turbine  volume  to  justify  $1 75  million  investment  which  he 
says  is  what  it  will  take  to  produce  50,000  units  a year. 


38  GAS  TURBINE  WORLD  September  1975 
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Turbine  engines 
wiil  cost  more 
than  diesels 


Deffense'ctiffcacks 
may  jeopardize 
industrial  701 


EPA  stationary 
source  combustion 
symposium 


Oberhausen  closed  cycle 
plant  shut  down 
for  repairs 


Could  have  been 
messy  if  operating 
with  nuclear  source 
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Marketing  people  figure  the  turbine  engine  for  truck,  bus,  and  boat  markets  will  probably 
sell  for  1 0%  to  1 5%  premium  over  diesels.  But  this  will  certainly  change  once  the  turbine 
is  in  production  for  a few  years  — and  design  modified  to  reduce  manufacturing  costs. 

General  manager  Knott  says  focus  of  gas  turbine  engineering  work  has  now  changed 
from  emphasis  on  performance  improvement  to  reduction  in  manufacturing  cost.  Expect 
engineering  to  be  completed  some  time  next  year  so  that  first  drawings  can  be  sent  out  to 
manufacturing  for  cost  analysis. 


Long-rumored  industrial  version  of  Allison's  8,000-hp  class  XT-701  turboshaft  engine 
may  never  get  off  the  ground.  House-Senate  committee  cut  the  Boeing/Vertol  heavy 
lift  helicopter  for  which  engine  was  intended  out  of  FY  1 976  budget. 

Allison  reportedly  has  built  and  delivered  three  engines  for  the  helicopter  program  so 
far  — and  is  to  complete  construction  of  additional  four  engines  remaining  under  initial 
contract.  Any  follow-up  work  is  uncertain  at  this  time. 

U.S.  Army  has  budgeted  some  $9  miliion  for  cancellation  costs  on  the  R&D  project,  no 
funds  available  or  on  the  horizon  after  FY  1 976,  and  both  Boeing  and  Vertoi  getting  ready 
for  extensive  layoffs.  Army  has  already  put  $179  million  into  prototype  — would  need 
$40  million  more  over  next  3 years  to  complete  flight  test.  DDA  may  proposed  XT-701  to 
U.S.  Navy  to  fill  the  1 0,000-hp  slot. 


U.S.  Environmental  Protection  Agency  has  announced  a major  national  symposium  on 
"stationary  source  combustion”  to  be  held  at  Fairmont  Colony  Square  Hotel  in  Atlanta, 
Georgia  on  September  24  through  26, 1 975. 

Symposium  is  designed  to  provide  technology  transfer  from  contract  and  in-house 
programs  sponsored  by  EPA’s  Combustion  Research  Section  to  government  and  in- 
dustry. Presentations  to  include  fundamental  research,  fuels  R&D,  process  R&D,  and  field 
testing  and  surveys. 

More  than  30  speakers  and  panelists  are  scheduled  to  take  part  in  the  3-day  session. 
Symposium  being  coordinated  by  Arthur  D.  Little.  To  register  or  for  further  information, 
suggest  you  contact  Anita  Lord  at  (617)  864-5770,  ext.  3185.  Registration  fee  of  $40 
covers  cost  of  food  and  materials. 


World's  first  helium  closed  cycle  gas  turbine  plant  at  Oberhausen,  W.  Germany,  reported- 
ly been  shut  down  for  repairs.  Turbine  provides  50,000  Kw  of  electric  power  and  the 
equivalent  of  54,000  Kw  in  district  heating  energy. 

Apparently  the  closed-cycle  turbine  started  leaking  iube  oil  through  the  labyrinth  seals 
which  contaminated  the  helium  working  fluid  and  coated  most  of  the  components  in  the 
closed  loop. 

Repairs  now  being  carried  out  — • consist  mostly  of  cleaning  oil  off  the  components. 
GHH  Sterkrade,  builders  of  the  turbine,  working  on  a fix. 


Oberhausen  was  built  as  pilot  plant  for  component  testing  of  future  helium  closed  cycle 
nuclear  stations  of  up  to  4,000  Mw  capacity.  All  turbine  components  — including  lube 
system  — supposedly  developed  for  eventual  use  with  high  temperature  gas  cooled 
reactors. 

Test  program  has  already  paid  off  with  discovery  of  the  lube  oil  leak.  No  problem 
clearing  up  the  problem  in  prototype  plant  — but  would  have  been  a real  mess,  say  design 
engineers,  for  a nuclear  installation. 


40  GAS  turbine  world  September  1975 
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34LPE-77-180-21- 
June  29,  1977 


Mr.  Victor  C.  Clarke,  Jr. 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drivi 
Pasadena,  CA  91103 

Dear  Mr.  Clajjstff^ 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Your  JPL  Interoffice  Memorandum  VCC-75-28  of  October  17,  1975  presents  a good 
case  for  the  hydrocarbon  fuel  cell  as  an  alternative  automotive  power  plant. 

In  our  restructured  automotive  propulsion  studies,  this  concept  may  be  examined 
as  an  element  of  electric  hybrid  power  systems,  although  it  is  not  currently 
authorized  by  our  sponsor.  A brief  summary  of  the  current  study  program  is 
enclosed. 

The  fuel  cell  was  not  Inadvertently  omitted  from  the  subject  report.  It 
was  initially  considered  during  the  study,  then  dropped  as  a candidate 
alternative  for  at  least  two  reasons:  (1)  The  state  of  fuel  cell  development 

was  considered  too  immature  to  qualify  it  as  an  Otto  engine  competitor 
considering  the  factors  of  engine  size  and  weight,  and  the  enormous  size  of  the 
automotive  market,  and  (2)  its  high  capital  cost,  which  may  not  be  sufficiently 
offset  by  its  durability  and  low  maintenance.  In  short,  we  did  not  feel  that 
the  fuel  cell  qualified  for  serious  consideration  within  the  groundrules  of  the 
original  study.  In  the  long  term,  say  beyond  1990,  the  fuel  cell  hybrid  you 
suggested  might  be  a viable  and  important  power  plant  for  general  use.  We  hope 
to  have  the  opportunity  to  evaluate  it. 


Sinceri 


H.  E.JSotTp-ll,  Project  Manager 
Autourotuje  Technology  Status  and 
Projections 


HEC:gpa 
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IMl'EROFPIGE  MEMORASroUM 
VCG-75-28 


TO; 

FROM; 

SUBJECT: 

EEHEREKCE; 


C.  R.  Gates/R.  Stephenson  17  October  1975 

V.  C.  Clarke,  Jr. 

COMMENT  ON  APSES  STUDY,  "SHOUID  Vffi  HAVE  A NEW  ENGINE" 

"Solid  Polymer  Electrolysis  Fuel  Cell  Status  Report,"  L.  J.  Nuttall, 
lECEC  '75  Record 


I have  commented  to  you  earlier  regarding  my  dismay  that  the  APSES  Study 
virtually  ignored  the  hydrocarbon  fuel  cel±  as  an  automotive  power  plant. 

Your  verbal  response  that  APSES  considered  engines  which  only  required  near- 
term  development,  was  unsatisfying.  The  reason  is  that  a brief  survey  of  the 
literature  (e.g.,  reference  paper)  shows  that  the  fuel  cell  is  really  in  as 
an  advanced  state  of  development  as  is  the  Stirling  or  Brayton  engine.  Indeed, 
there  is  20  years  of  development  ejipierience  at  GE  alone.  Substantial  tech-  . 
nology  improvements  have  been  made  during  that  time  under  NASA  sponsorship. 

GE  recently  completed  a 5 hw,  57^  efficient,  unit  for  JSC  and  produced  a unit 
for  LeRC  which  has  a specific  weight  of  10  Ib/kw.  This  is  quite  low.  Lab 
tests  show  that  this  value  can  be  further  reduced  by  a factor  of  2.  A 50  hp 
engine  for  a minicar  could  be  replaced  by  a I5  fcw  fuel  cell  and  a "peak  power" 
battery.  The  whole  power  system  for  a minicar  would  probably  weigh  only  about 
300  lbs.  It  would  be  pollution- free , virtually  maintenance -free,  and  be  highly 
efficient  40^)  when  operated  on  air  and  using  a reformer  to  make  the 
hydrogen.  Besides  it  uses  no  fuel  when  "idling"  and  can  use  regenerative 
braking.  This  would  enhance  overall  vehicle  efficiency. 

Fuell  cells  have  no  moving  parts  and  have  high  reliability,  very  long  life, 
and  are  compact  and  lightweight.  They  are. noiseless,  too — an  important  feature 
in  a society  dominated  by  automotive  noise.  Many  kinds  of  fuels,  including 
propane,  kerosene,  and  hydrogen  can  be  used.  A very  important  feature  is  that 
an  automotive  fuel  cell  would  really  be  an  individual's  or  family's  electric 
plant.  Thus,  a person  could  easily  power  his  home,  recreational  vehicle,  etc. 
It -is  indeed  a highly  portable,  high- power,  personal  electric  plant. 

I visualize  that  a person  would  buy  a fuel  cell  separate  from  the  vehicle,  as 
one  can  now  do  with  a battery.  Auto  manufacturers  would  sell  vehicles  with  or 
without  fuel  cells,  because  since  they  have  such  long  life  they  would  be  trans- 
ferable from  one  vehicle  to  another.  Actually,  they  have  to  be  because  they 
would  cost  substantially  more  than  heat  engines.  Cost  is  pro.iected  at  $200/kw. 
Purchase  of  a fuel  cell  would  be  a ma^jor  lifetime  investment  for  a person.  I 
visualize  a thriving  "used"  market. 
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17  October  1975 


In  summary,  I urge  you  to  test  my  assertions  by  simulating  the  hybrid  fuel 
cell/battery  auto  in  the  VEEP  Program.  I am  convinced  the  results  will 
startlingly  show  it  to  be  far  superior  in  many,  respects  than  heat  engine  or 
all-battery  powered  cars.  The  major  reason  being  their  light  weight  per  kw. 

Please  respond. 


V.  C.  Clarke,  Jr.,  President 
Low  Pollution  Auto  Club 


VCC:Jm 

cc : R . Baugh 

T.  Hamilton 
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California  Institute  of  Technology  • 1800  Oak  Grove  Drive,  Pasadena,  California  9110} 


RE:  34LPE-7 7-182-22 


June  29,  1977 


Professor  Richard  S.  Morse 

Alfred  P.  Sloan  School  of  Management 

Massachusetts  Institute  of  Technology 

50  Memorial  Drive 

Cambridge,  Massachusetts  02139 

Dear  Professor  Morse: 

SUBJECT:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Your  letter  concerning  the  Dress erator  carburetor  discussion  in  the  subject 
report  is  acknowledged,  and  it  will  be  very  useful  in  our  restructured  study. 

The  current  program,  as  reoriented,  and  the  plan  for  responding  to  the  critiques 
is  described  in  the  enclosure. 

Thank  you  for  the  additional  test  data  on  the  Dresser  Industries  inductor 
which  you  included  with  your  letter.  We  are  encouraged  by  the  results  of 
the  fuel  economy  and  emissions  tests  on  Dresserator-equipped  automobiles 
carried  out  by  Dresser  Industries  as  well  as  by  the  EPA.  The  improvements 
.are  noteworthy.  As  suggested  in  your  letter,  we  visited  Mr.  Lester  Berriman 
who  provided  us  with  undated  details  on  the  Desserator  device  relative  to 
the  information  in  the  subject  report.  Incidentally,  the  800  fps  we  gave 
for  velocity  in  a sonic  throat  is  a typographical  error;  it  should  have 
read  "1000"  (about  10%  below  that  under  ambient  conditions  due  to  the 
exchange  of  temperature  for  velocity) . 

The  results  of  our  correspondence  with  you  and  of  our  meeting  with  Mr.  Berriman 
will  be  incorporated  in  the  appropriate  reports  mentioned  in  the  enclosure. 

We  appreciate  your  contribution,  and  look  forward  to  further  contact  to  keep 
abreast  of  your  progress  in  this  important  area  of  automotive  technology. 


hT  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Proj actions 

HEC: jms 
Enclosures  (1) 


Telephone  354-4321  Twx  91 0-588-3269  Twx  91 0-588-3294 
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M.ibsachusetts  Institute  of  Technology 
Alfred  P.  Sloan  School  of  Management 
50  Memorial  Drive 
Cambridge,  Massachusetts,  02139 

October  27,  1975 


Mr.  R.  Rhoads  Stephenson 
Principal  Investigator 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Mr.  Stephenson: 

In  connection  with  your  report,  "Should  We  Have  A New  Engine?" 

I note  a reference  to  the  Dres senator  and.  inference  to  the  effect  that, 
some  of  the  Dresser  information  might  be  "overstated.  " As  a Director 
of  Dresser  Industries,  and  I am  writing  in  that  capacity,  I have  been  in 
fairly  close  touch  with  this  program  since  its  inception  and  some  of  the 
people  here  at  M.  I.  T.  such  as  Professor  Glenn  Williams  and  Ascher 
Shapiro,  until  recently  Head  of  the  Mechanical  Engineering  Department, 
have  assisted  me  in  the  technical  evaluation  of,  this  device. 

As  you  may  know,  the  Ford  Motor  Company  is  also  quite  familiar 
with  this  development  and  perhaps  the  following  information  might  be 
useful: 


Sonic  velocity  of  air  under  usual  ambient  temperature 
conditions  is  -^^llOO  fps.  It  is  called  a Dresserator  Induc- 
tor to  distinguish  it  from  conventional  carburetors.  A fuel 
bar  is  only  one  way  for  fuel  distribution.  Fuel  is  delivered 
into  the  subsonic  entrance  zone  for  good  distribution  before 
it  arrives  at  the  throat.  Because  of  the  excellent  energy  re- 
covery, the  two  most  important  advantages  of  the  Inductor 
are:  (1)  control  of  the  mass  flow  of  air  down  to  the  un choke 
vacuums  and  (2)  control  over  the  atomization  process  also 
down  to  the  unchoke  vacuums.  The  latter  vary  with  geometry 
of  the  devices  and  with  capacity  but  are  generally  in  the  range 
of  3 to  6"  Hg  vacuum.  Concerning  the  drawbacks,  altitude 
compensation  can  be  most  easily  obtained  in  one  of  the  geo- 
metries. Temperature  compensation  is  needed  and  for  mass 
flow  of  air  it  is  to  Dresser  has  seen  no  durability 
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problems  owing  to  sonic  conditions,  has  been  pleasantly- 
surprised  at  the  lack  of  such  problems,  and  has  not  re- 
ported any  such  problems.  There  is  no  difficulty  in 
achieving  sonic  velocity;  when  one  cylinder  fires,  you  , 
have  it.  The  excellent  atomization  even  under  subsonic 
operation  assures  good  combustion  initiation  and  engines 
have  operated  on  fuels  with  all  C4*s  and  C5*s  removed. 
Dresser  has  reported  good  emissions  with  up  to  I0%fuel 
economy.  The  EPA  obtained  > 20%  improvement  on  fuel 
economy  in  the  Capri  and  > 5%  on  the  Monte  Carlo.  Re- 
cent results  at  Dresser,  where  spark  was  varied  and  the 
Inductor  was  used  in  a catalyst- equipped  Monte  Carlo, 
showed  the  car  met  1977  Federal  Standards  with  an  increase 
of  15-20%  in  economy.  The  Capri  met  1975  California  Stan- 
dards with  a 25-30%  increase. 

Very  truly  yours, 

fl'S 

Richard  S.  Morse 

Senior  Lecturer 


RSM/as 
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California  Institute  of  Technology  ♦ 4800  Oak  Grove  Drive,  Pasadena,  California  9110$ 


RE:  34LPE-77-169-23 

June  29,  1977 


Dr.  J.G.  Davoud,  President 
D-Cycle  Power  Systems,  Inc. 

2541  Stratford  Road 
Richmond,  Virginia  23225 

Dear  Dr,  Davoud: 

Subject;  Critique  of  the  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

Thank  you  for  your  informative  letter  and  enclosures  in  regard  to  your  work  on 
the  wet  steam  D-cycle  Rankine  engine.  We  are  interested  in  it,  and  want  to 
keep  abreast  of  your  progress  in  pursuing  the  concept.  Hopefully,  you  will 
transmit  to  us  enough  non-proprietary  information  that  we  can  include  both  the 
D-cycie  Rankine  and  Stirling  concepts  in  our  current  work. 

Upon  completion  of  the  subject  study,  the  project  was  restructured  and  a plan 
for  responding  to  the  multitude  of  critiques  was  developed.  The  reorientation 
of  our  work  under  ERDA  direction  is  described  in  the  enclosure.  In  the  cur- 
rent program,  Rankine  cycle  engines  are  scheduled  to  be  reassessed  as  candidate 
alternative  engines  for  automobiles,  and  continued  data  interchanges  with  you 
would  enhance  the  scope  of  the  analyses. 

We  appreciate  your  keen  Interest  in  the  study  and  your  effort  in  reviewing 
the  report. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections 

HEC:nrw 
Enclosure  (1) 
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D-Cycle  Power  Systems,  Inc. 


Novemher  4,  1975 


Mr,  R.  Rhoads  Stephenson 
Principal  Investigator 

Automobile  Power  Systems  Evaluation  Study 
Jet  Propulsion  Laboratory 
California  Institute  of . Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Mr.  Stephenson: 

We  have  received  and  read  with  great  interest 
Volume  I and  II  of  the  California  Institute  of  Technology, 

Jet  Propulsion  Laboratory  Report  entitled,  "Should  We  Have 
A New  Engine?  An  Automobile  Power  Systems  Evaluation" . 

We  found  the  penetrating  comments  on  the  Rankine 
cycle  particularly  interesting;  because  we  reached  some  of  the 
same  conclusions  about  it  some  years  ago  and  devised,  as  an 
improvement,  a steam  compression  cycle  which  is  called,  for 
commercial  purposes,  the  D-Cycle.  I am  enclosing  a couple  of 
Papers  read  before  the  8th  and  9th  Intersociety  Energy 
Conversion  and  Engineering  Conference  meetings  which  describe 
its  application  in  power  generation  and  automotive  use. 

The  D-Cycle  on  a TS  diagram  is  particularly  revealing 
set  against  your  Figure  2-8  on  pg.  2-20  of  Volume  II  of  your 
Report.  I enclose  a sketch  and  you  will  see  that  the  D-Cycle 
overcomes  some  of  the  theorietical  deficiencies  of  the  Rankine. 
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We  have  not  tried  to  push  it  for  automotive  use, 
really  for  almost  political  reasons.  However,  we  have  like  you 
watched  with  the  closest  interest  the  development  of  the  SES 
steam  car  and  the  Carter  car.  The  personnel  are  well  kno^vTi  to 
us,  and  indeed  are  our  friends.  We  have  informed  them  fully  of 
our  own  work  vzhich  includes  compression  of  wet  steam,  on  which 
the  D“Cycle  depends , and  the  construction  and  running  of  a 
D-Cycle  engine . 

We  are  currently  the  recipients  of  a contract  from 
ilT^PvAD  (Jlaritime  Administration  of  the  Department  of  Commerce) 
for  a technical  and  economic  feasibility  study  of  the  D-Cycle 
for  ship  propulsion  using  turbine  expanders.  I7e  are  also  hoping 
to  receive  some  financial  help  from  EPRI  for  electricity  generation. 
In  the  case  of  turbine  expansion,  the  problem  is  the  compression 
methods?  and  in  this  connection,  we  have  some  ver^'’  interesting 
inform.ation  given  to  us  on  modern  compression  technology  by 
various  companies,  as  we  pursue  our  MARAD  contract. 

Returning  to  smaller  reciprocating  engines  suitable 
for  cars , we  right  now  are  v/orking  up  an  engine  which  we  think 
is  the  best  distillation  of  all  the  latest  developments  in 
P.ankine  type  expanders  plus  our  own  I suppose  unique  experience 
with  wet  compression.  This  eng:j.ne,  we  believe,  would  overcome 
just  about  all  the  objections  in  your  admirably  phrased  conclusions 
on  the  future  of  the  Rankine  engines  for  cars.  X7e  specifically 
avoid  exotic  metals.  The  engine  is  virtually  valveless,  it 
makes  use  of  such  things  as  Rulon  rings  for  lubrication,  and 
blow-by-free  operation?  and  we  think  it  could  be  a suitable 
answer  to  the  automobile  engine  and  one  which  would  not  require 
too  drastic  a departure  from  current  automobile  engine  technology. 

We  have,  in  addition,  a patent  application  for  -a 
D-Cycle  Stirling  engine,  using  a condensable  vapor  as  the  vjorking 
fluid.  This  engine  cools  the  vrarking  substance  by  liquid  injection 
during  compression.  It  makes  use  of  the  Rinia  type  of  valveless 
engine.  After  the  usual  heat  exchange  between  hot  and  cold 
space,  a portion  of  the  working  substance  is  removed  and  condensed; 
condensate  is  injected  into  the  cold  space  during  compression; 
the  heat  loss  to  the  atmosphere  is  by  condenser.  Pressure  (and 
hence  power)  change  is  very  easily  effected  by  increasing  or 
decreasing  liquid  injection  rate;  and  no  costly  and  complicated 
methods  are  required  to  prevent  loss  of  v/orking  substance.  Water 
is  pretty  cheap  still]  We  have  an  application  to  ARPS  section 
of  ERDA  for  component  development  of  this  so-called  "Vapor  Stirling". 

In  closing,  I would  like  to  compliment  you  and  your 
staff  on  v/hat  we  think  is  an  excellent  technical  appraisal  of 
a number  of  complex  systemts  and  certainly  one  made  against  a 
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complicated  background  socially,  economically,  and  technically. 
We  do  not  altogether  agree  with  some  of  your  conclusions,  but 
there  is  plenty  of  ground  for  opinions;  and  we  think  it  is  a 
first  class  work.  I do  hope  we  may  have  the  pleasure  of  meeting 
you  sometime;  and  if  you  would  like  to  be  kept  informed  of  our 
various  activities,  we  would  be  glad  to  do  so.  One  of  our  staff 
will  be  in  California  this  month  and  it  would  be  a privilege 
-for  him  to  see  you.  No  doubt  he  will  be  getting  in  touch  with 
you  directly.  His  name  is  Jerry  A.  Burke,  Jr.,  and  he  is  vice 
president  of  this  company  and  chief  engineer. 


Yours  sincerely , 

v/  (y 

Dr.  J.  G.  Davoud 
President 


JGD/nc 
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D-CYCLE  APPLIED  TO  FOSSIL  PLANTS 

J.C.  Corman,  J.G.  Davoud*  and  R.P.  Shah 
Corporate  Research  & Development 
General  Electric 
Schenectady,  New  York 


ABSTRACT 

The  D-Cyole  ia  a thermodynamic  cycle 
which  employs  wet  vapor  compression  aa 
an  integral  part  of  the  cycle.  This  con- 
cept can  be  applied  to  any  power  produc- 
ing cycle  which  employs  evaporating  and 
condensing  fluids.  Theoretical  increases 
in  thermodynamic  efficiency  result  from 
utilizing  this  cycle  rather  than  the 
standard  Rankine  Cycle. 

The  effectiveness  of  this  new  cycle 
is  strongly  dependent  upon  the  efficiency 
of  the  wet  vapor  compression  process  and 
the  state  point  selection.  An  analytical 
evaluation  has  been  performed  which 
parametrically  studies  these  variables 
for  large  fossil  fired  cycles.  These 
’ studies  also  characterize  the  equipment 
performance  which  would  be  required  to 
make  this  cycle  competitive  with  other 
advanced  cycle  concepts.  The  initial 
experimental  results  obtained  on  the  wet 
vapor  compression  process  indicate  the 
potential  for  producing  the  required 
efficiency  for  this  critical  cycle  com- 
ponent. 


I . INTRODUCTION 

The  Rankine  Cycle  forms  the  basis  of 
most  of  the  vaporization -condensation, 
power  producing  cycles.  In  the  simplest 
format,  this  familiar  cycle  employs  four 
components;  boiler,  expander,  condenser 
and  pump,  and  the  total  flow  of  the  work- 
ing fluid  passes  through  each  component. 

The  heat  input  to  the  cycle  is 
employed  to  ; 1)  increase  the  temperature 
of  the  feed  water,  2)  evaporate  the  work- 
ing fluid  and  3)  superheat  the  vapor. 

It  is  consequently  introduced  through  a 
temperature  range  varying  from  approx- 
imately the  lowest  to  the  highest  temp- 
eratures in  the  cycle.  However,  the 
major  portion  of  the  thermal  energy  is 
utilized  at  relatively  low  temperatures 
during  the  vaporization  process. 

A new  cycle  introduces  another 
process  into  the  power  producing  cycle 
described  above.  This  process  is  wet 
vapor  compression  and  the  cycle  is  the 
D-Cycle*.  Other  investigators^ ' have, 
in  the  past,  considered  different  aspects 
of  compression  in  vaporization-condensa- 
tion cycles.  The  major  focus  of  these 
earlier  works  was  on  establishing  a 
combined  Rankine-Brayton  Cycle. 


Basic  D-Cycle 

In  a simplified  D-Cycle,  the  feed 
water  pump  is  eliminated  and  replaced  by 
a wet. vapor  compression  process.  The 
flow  is  split  and  the  total  vapor  flow  is 
not  passed  through  the  condenser.  In  the 
simplest  case,  with  reciprocating  machin- 
ery, the  expansion  and  compression  step 
can  be  carried  out  in  the  same  cylinder- 
piston  arrangement.  A schematic  of  the 
cycle  and  the  thermodynamic  state  points 
are  shown  in  Figures  1 and  2 . 


LICDID 


Figure  1; Schematic  of  Simplified  D-Cycle 
The  four  processes  for  this  cycle 

are; 

1)  Compression  - Wet  vapor  at  state 
point,  J,  is  compressed  to  high 
pressure  and  exits  at  saturation, 

C. 
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' ISSTJBS  TO  AMENDINO  THE  CLEAN 
AIR  ACT  OP  1970 


HON.  ANDREW  MAGUIRE 

j oy  mw  JE85XY 

, IK  THE  HOUSE  OF  REPRESENTATIVES 

Tuetdav,  November  4,  1975 

■ Mr.  MAGUIRE.  Mr,  Speaker.  In  the 
near  future,  Congress  will  consider 
amendments  to  the  Clean  Air  Act  of 
1D70.  One  of  the  principal  Issues  Is 
whsther  to  maintain  or  relax  the  stat- 
utory requirements  relating  to  automo- 
hUe  emissions. 

STATI7TOBT  EMISSIONS  STANDAKDS  CAN  BE  MEZ 

As  many  of  my  colleagues,  are  aware, 
there  has  been  considerable  controversy 
over  what  the  automobile  industry  can 
technically  achieve  In  terms  of  emission 
coDtroL  There  Is  further  controversy  over 
the  cost  of  such  control  to  the  automobile 
purchaser  and  owner.  Opponents  of  the 
existing  statutory  requirements  claim 
that  It  will  be  technologically  Infeasible 
to  meet  these  standards. 

. However,  the  National  Academy  of 
Sciences,  which  reviewed  the  issue  of 
technological  feasibility  as  well  as  cost, 
issued  findings  which  Indicate  the  op- 
posite. The  NAS  concluded  In  the  June 
6, 1975.  “Report  of  the  National  Academy 
of  Sciences,  Conference  on  Air  Quality 
and  Automobile  Emissions,”  tliat  the 
1878  emission  standards  for  hydrocar- 
bons (HO  and  for  carbon  monoxide 
(CO)  are  “both  feasible  and  worthwhile”, 
and  that  the  standards  lor  nitrogen  .ox- 
ides (NO)  are  probably  feasible. 

As  far  as  cost  is  concerned,  the  NAS 
r^xjrt  Indicated  tJiat  pollution  control 
devices  to  meet  the  tighter  1978  emis- 
sions standards  would  not  cost  much 
more  than  those  required  for  the  1975 
model  year  vehicles.  Furthermore,  signi- 
ficant fuel  economies  can  be  realized  on 
cars  with  catalysts,  which  can  save 
money  over  the  life  of  the  car  as  well  as 
help  alleviate  the  energy  crisis. 

To  further  understand  the  complex- 
ities of  this  automobile  emissions  Issue, 
I urge  all  Members  to  examine  the  NAS 
report.  I would  also  like  to  call  my  col- 
leagues attention  to  my  comments  on 
this  matter  In  the  September  23,  1975 
Recohd  (E4937)  which  Includes  the  con- 
clusions and  recommendations  from  the 
NAS  report. 

SBOVID  TUB  INTCRNAI.  COMBUSTION  EKOINB 
BZ  BHASED  OUT? 

As  all  Members  are  aware,  environ- 
mental and  energy  matters  are  linked. 
The  automobiles  hi  this  counti-y  are  great 
consumers  of  energy  as  well  as  being  a 
significant  source  of  pollution.  The  Na- 
tion would  go  a long  way  toward  al- 
leviating both  energy  and  environmental 
problems  if  automobiles  could  be  pro- 
duced which  are  more  economical  In 
consumption  of  fuel  ana  create  less  pol- 
lution. This  possibility  is  outlined  In  an 
August  1975  report  of  the  Jet  Propulsion 
Laboratory— JPL— of  the  California  In- 
stitute of  Technology.  Entitled,  Should 
We  Have  a New  Engine?  An  Automobile 
Power  Systems  Evaluation,  the  report 
Inmcates  that  the  refinement  and  appli- 
cation of  existing  technology  can  provide 
America  with  a fuel-eflBcient,  and  vir- 


tually pollution-free  automobile  by  the 
mid-1980s.  The  report  Is  based  on  fe  com- 
prehensive study  by  JPL  commissioned 
by  the  Ford  Motor  Co.  It  examines  sev- 
eral engine  types  Including  alternatives 
to  the  Otto-cycle  engine,  or  common  in- 
ternal combustion  engine,  which  now 
powers  the  vast  majority  of  cats  manu- 
factured in  the  United  States. 

JPL  concludes  that, 

TUe  results  s>iow  that  goals  lot  emis- 
sion Btaadftrd-i  anv  r-’.ergy  conservation  for 
the  automobUe  over  tho  next  &-10  years  can 
be  met  by  Irapr-vements  to  the  Otto-cycle 
engine  and  to  the  rohlcle. 

JPL  recommendations  to  the  Nation 
concerning  future  possibilities  are,  very 
dramatic: 

Accelerate  and  direct  the  development  of 
two  particularly  promising  alternate  en- 
gines— the  Brayton  and  Stirling — until  one 
or  both  can  bo  mass-produced,  with  intro- 
ducticn  In  the  Improved  'cars  targeted  for 
1986  or  sooner.  The  report  explains  that 
both  engine  types  have  been  In  existence 
for  many  years_and  that  recent  tccbnicsl 
developments  have  made  them  suitable  for 
passenger  car  application. 

Concerning  energy  conservation  and 
•emissions,  JPL  writes; 

Both  offer  dramatic  savings  In  fuel  usage, 
adsptabllity  to  a wide  variety  of  liquid  fuels, 
and  emissions  low  enough  to  take  the  auto- 
mobile off  the  list  of  major  polluters. 

JPL  foresees  fuel  savings  of  up  to  two 
million  barrels  daily. 

There  Is  strong  public  support  for  the 
development  of  improved  engine  tech- 
nology. An  August  1975  public  opinion 
poll  commissioned  by  the  Federal  Energy 
Administration  asked:  “How  willing  are 
you  to  pay  $10  per  year  more  in  taxes 
to  have  the  Federal  Government  help  the 
auto  Industry  produce  a car  that  would 
cause  less  pollution  and  save  you  $120 
per  year  in  gasoline  costs — very  willing, 
fairly  willing,  not  too  willing,  not  willing 
at  all?"  Over  seventy  percent  responded 
favorably  with  46  percent  very'  willing 
to  pay  the  additional  costs  and  24  per- 
cent fairly  willing.  These  findings  indi- 
cate exciting  posslfallites,  and  I urge  my 
colleagues  to  carefully  consider  them  In 
determining  their  positions  on  energy 
and  environmental  matters.  For  the  In- 
formation of  the  members  I ask  that  the 
Abstract,  Synopsis  and  Major  Findings 
of  the  JPL  report  be  Included  at  this 
point  In  the  Record: 

(“Should  Wo  Have  a New  Engine?  An 
AutomobUe  Power  Systemi  Evaluation,”  Ab- 
stract, SynopelB  and  Major  Findings,  Report 
of  the  Jet  Propulelon  Laboratory,  Oalltornia 
Institute  of  Technology,  August,  1B76.| 
Abstract 

Alternative  automotive  powerplants  were 
examined  for  possible  Introduction  during 
the  1980-1SB0  time  period.  Technical  anaJy- 
ees  were  made  of  the  Stratlfled-Chsrge  Otto, 
Diesel,  Rankine  (steam),  Brayton  (gas  tur- 
bine), Stirling,  Electric,  and.  Hybrid  power- 
plants  as  alternatives  to  the  conventional 
Otto-cycle  engine  with  Its  likely  Improve- 
ments. These  alternatives  were  evaluated 
from  a societal  point  of  view  In  terms  of 
energy  consumption,  urban  air  quality,  cost 
to  the  consumer,  materla.s  availability, 
safety,  and  Industry  impact. 

The  results  show  that  goals  for  emission 
reduction  and  energy  conservation  for  the 
aut(»noblle  over  the  next  6—10  yean  can  be 
met  by  Improvements  to  the  Otr^'-eycte  en- 


gine and  to  the  vehicle.  This  provides  time 
for  the  necessary  development  work  on  the 
Brayton  and  Stirling  engmes,  which  offer  toe 
promlso  of  eliminating  the  automobile  as  a 
slgntflcant  source  ol  urban  atr  pollution, 
dramatically  reducing  fuel  consumption,  and 
being  saleable  at  a price  dUemnthti  Which 
eon  be  recovered  In  fuel  savinsm  by  the  ffrst 
owner.  Speclflcally,  the  Erayton  and  Bttrling 
engines  require  Intensive  co;  • 'nent.  sys- 
tem, and  uianufacturlog  prc-<r.<s  develop- 
ment at  .a  funding  level  C(  nsld^rably  higher 
than  at  present. 

Synopsis 

“What  should  bo  done  In  the  near  future 
to  improve  the  automoblk,  from  the  stand- 
point of  society's  needs  ar.d  problems?  Spe- 
ciffcally,  should  some  other  type  of  engine 
be  used  to  power  the  automobile  in  the  com- 
ing decade,  Instead  of  the  familiar  Otto  ' 
(spark-Ignlted  Internal  combuslon)  engine?” 
‘These  are  the  questions  that  the  Jet  Pro- 
pulsion Laboratory  was  asked  to  address  In 
this  study. 

The  automobUe  affects  the  quality  Qf  our 
lives  In  many  ways  On  the  positive  side  Is 
the  convenience  of  the  personal  care,  all- 
important  in  providing  mobility  lor  b'Jsiness 
and  pleasure.  On  the  negative  side  sre  the 
problems  it  creates  or  to'  which  it  contrib- 
utes heavily.  The  air  we  breathe  Is  fouled  by 
Its  exhaust.  Increasing  nse  of  cars  causes 
congestion  In  our  cities  and  leads  to  Injuries 
and  deaths  on  our  highways.  I>emacd  for  im- 
ported metals  and  minerals,  nee-aed  to  manu- 
facture automobUes,  is  continually  growing, 
bur  enormous  energy  consumption,  to  whiClt 
the  automobile's  demand  for  gasoline  is  a 
major  contributor,  gives  rise  to  large  deSclts 
in  our  national  balance  of  payments  each 
year  and  leaves  us  'vulnerable  to  interna- 
tional embargoes.  The  group  of  Industries 
Involved  In  the  production  and  operation  of 
automobiles  are  strongly  linked  to  our  na- 
tion's economy  and  employment.  These  fsc- 
tors  -show  the  Importance  of  tiie  automobile 
and  its  Infrastructure. 

Over  a period  of  shout  18  month',  the  Jet 
Propulsion  Laboratory  studied  liie  tech- 
nologies available  for  improving  the  auto- 
mobUe and  its  pow-erplant,  within  the  frame- 
work of  the  key  issues:  the  ;ole  of  the  auui- 
mobile  and  other  transit  evstems  in 
providing  personal  mobaity,  energy  and  fuels 
avaUablllty,  material  resources,  air  quality, 
highway  safety,  and  the  changeover  capa- 
bility of  the  automobile  Industry.  In  tbe 
course  of  this  study  several  fundamental 
realizations — some  of  them  at  variance  with 
widely  held  opinion-emerged: 

The  automobile  will  maintain  its  domi- 
nant role  In  personal  transportatica  through 
the  foreseeablo  future.  Public  transit  will  be 
able  to  take  a larger  share  of  the  burden. 
However,  the  time  and  effort  required  to 
build  new  public  trantli  eyateais.  or  to  ex- 
pand existing  facilities,  toother  with  their 
limited  applicability,  preclude  more  than  a 
10-16%  aubatltutloii  for  automobile  driving 
in  the  next  10  to  SO  years. 

The  production  of  over  10  million  auto- 
mobiles per  year  Is  the  combined,  and  highly 
specialized,  undertaking  of  an  industrial 
complex  that  extends  back  to  the  iron  ore 
mines.  A_  major  change  in  the  product  can- 
not happen  overnight  regardless  of  money 
available,  technology  applied,  or  legislation 
enacted.  There  wUl  be  an  estimated  mini- 
mum time  lag  of  over  three  years  In  begin- 
ning to  mass-produce  a new  design,  given  a 
fully  developed  producible  model. 

Liquid  fuels,  natural  and/or  synthetic, 
will  be  used  in  cars  through  at  least  tbe  end 
of  this  century.  World  resources  are  sufficient 
to  permit  the  introduction  of  another  ge:ier- 
ailoTt  of  combustion  engines. 

The  necessary  materials  of  construction 
pan  be  obtained  for  the  recommended  heat- 


» Named  after  its  inventor,  Nlkclaus  Otto. 
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«nglne-powcrcd  automobiles,  given  adequate 
planning. 

Tlie  Ilnaiiclal  resources  re<iu'.red  Jor  ooii- 
vcTslon  to  vehicles  with  alternate  engines 
would  bo  readily  ava'lable  In  our  economy. 

Automobile  pollutant  emissions  and — 
equally  Important — emissions  fiom  other 
movlnE  and  stationary  sources  must  be  con- 
trolled more  stringently  than  at  present,  and 
In  a concerted  manner.  In  order  to  meet  the 
National  Primary  Ambient  Air  Quality 
Standards  through  the  next  decade.  To  con- 
Jorm  with  this  requirement,  automobiles 
powcied  by  an  alternate  engine  considered 
must  meet,  or  better,  a set  or  emission  stand- 
ards appropriate  to  the  region  In  which  they 
are  driven. 

Given  some  additional  development,  cars 
with  catalytlcally  controlled  Otto  engines  do 
not  have  to  give  up  fuel  economy  to  comply 
wirn  the  strictest  legislated  emission  stand- 
ards. In  fact,  some  Improvement  in  the  eHi- 
clency  of  such  engines  can  be  obtained  with- 
out rexalation  of  those  omission  standards. 

In  the  light  of  these  realisations,  our  an- 
swer to  the  questions  originally  posed,  stated 
In  a lew  words.  Is  • 

Begin  immediately  the  rapid  Implementa- 
tion of  design  changes  to  the  car  Itself  which 
can  significantly  reduce  fuel  consumption. 
Independent  of  the  kind  of  engine,  used. 
Concurrently,  accelerate  and  direct  the  de- 
velopment of  two  particularly  promising  al- 
ternate engines — tlie  Bray  ton  and  Stirling 
engines — until  one  or  both  cau  be  mass-pro- 
duced. with  introduction  In  the  Improved 
cars  targeted  for  1965  or  sooner.  In  the  In- 
tcrlm,  press  the  development  of  the  con- 
ventional Otto  engine  to  Its  limits. 

The  ’-chicle  design  changes  referred  to  are 
primarily  weight  reductions,  along  with 
some  modest  lrapro-»ements  attainable  in 
tTansinissiciis.  power-consuming  accessorie.s, 
and  the  aerodjnamic  characterisUcs  of  the 
car.  Many  of  these  are  relatively  easy  to 
achieve  and  should  be  put  into  production 
In  the  next  -five  yeai-s,  since  they  ran  reduce 
norma!  driving  rnel  consumptiou  by  14  to 
35?;  over  the  range  of  car  slsas  The  remain- 
ing changes,  requiring"  some  additlonal_de- 
velopraent,  should  be  Introduced  .as  soon 
thereafter  as  practical  and  will  provide  even 
more  Impresclve  fuel  savings.  A further  re- 
d'jction  In  national  fuel  consumption  can 
be  obtained  If  a moderate  shift  In  consumer 
preferenrs  toward  smaller  cars  can  he 
brought  about.  All  of  these  gains  are  essen- 
tially unrelated  to  the  type  of  engine  In  the 
car  and,  once  achieved,  will  by-and-Iarge 
be  retained  when  the  alternate  engine  Is 
Introduced. 

The  Braylon  engine  Is  better  known'  as  a 
gas  turbine,  one  form  of  which  is  presently 
used-on  large  commercial  aircraft  Brattons 
hate  already  been  employed  In  some  racing 
cars  and  e.vpei Imenial  'automobiles  The 
Stirling  engine,  a newcomer  to  the  automo- 
bile. mlUaes  the  heat  from  the  burning  fuel 
to  make  a separate  closed  gas  system  do  the 
work.  Both  types  of  engines  have  been  In 
existence  for  many  yeais,  but  only  recent 
technical  developments  hate'  made  them 
suitable  for  psssenger  car  application.  Both 
offer  dramatic  savings  In  fuel  usage,  adapt- 
ability to  a wide  variety  of  liquid  fuels,  and 
emissions  low  enough  to  take  the  automo- 
bile off  the  list  of  major  polluters.  Althoitzh 
both  oould  eventually  be  produced  at  accep^t- 
able  cost.  In  neither  case  do  engines  deliver- 
ing this  atti  active  performance  piesenily 
exist  In  a form  that  can  he  economically 
mass  -produced.  Therefore,  Brayton  and  Stir- 
ling engine  development  must  bo  greatly  ac- 
celerated until  one  or  the  other  i caches  the 
stage  where  the  auto  Industry  can  give  a 
production  go-ahead  This  may  not  happen 
if  the  Industry  operates  in  a bitsluess-as- 
usual  manner,  since  development  spending 
In  excess  of  present  levels  for  these  alter- 
nates is  necessary.  Government  funding 


and '"or  -Incentlvca  v/lil  be  required  to  pro- 
mote a firm  Industrial  commitment. 

A small  Improvement  in  fuel  economy  can 
still  bo  squesed  out  of  the  conventional  Otto 
engine,  at  no  sacrifice  In  emission  contrni, 
while  the  alloriiate  engine  Is  being  readied 
for  production.  More  effective  air, 'fuel  mix- 
ing and  conditioning  devices,  together  v/llh. 
Improved  exliaubt  converters,  can  make  the 
evolving  Otto  engine  a very  worthy  stopgap 
powerplant.  Developments  In  this  area  must 
also  bo  spurred. 

The  electric  car.  In  a form  that  could  sub- 
stantially replace  liquid-fueled  automobiles, 
remains  a prospect  for  the  more  remote  fu- 
ture. It  is  a very  alluring  long-term  option 
since  its  supply  of  electric  energy  Is  drawn 
from  generating  stations  which  can  use  any 
energy  source — chemical,  solar,  geothermal, 
or  nuclear.  However,  present  technology 
limits  the  electric  vehicle  to  very  specialized 
applications,  and  the  electric  energy  storage 
system  required  to  malte  It  competitive  with 
liquid-fueled  cars  for  general  use  has  yet  to 
be  developed.  The  mandatory  battery  re- 
search must  bo  Intensified  now.  If  a prac- 
tical, general-purpose  electric  car  Is  to 
materialize. 

Implementation  of  the  foregoing  recom- 
mendations will  result  In  major  benefits  to 
the  nation  as  a whole  In  transportation  and 
energy  consumption  Enlightened  planning 
now.  embodied'-ln  a firm  national  commit- 
ment. can  put  efficient  automobiles  powered 
by.  Brayton/Sllrlliig  engines  on  our  streets 
by  3985  and  provide  us  with  the  options 
needed  for  the  century  to  come. 

U.  MAJOR  FINDINGS 

The  feasibility  and  desirability  of  Introduc- 
ing an  alternate  automoblve  engine  were 
assessed  In  the  context  of  relevant  national 
needs  and  problem.s:  (l)  the  demand  for 
mobility:  (2)  energy  consumption,  especially 
as  petroleum  fuels;  (3)  availability ‘of  raw- 
mate  rials;  and  (4)  urban  air  quality.  Studies 
of  these  Issues-  resulted  in  an  automotive 
outlook  for  the  balance  of  this  century  which 
is  probably  not  surprising;  (1)  persona!  au- 
tomobiles are  here  to  stay,  legardless  of  in- 
creased usage  of  public  transit  and  other 
changes  m vehicle  use  patteins;  (2)  liquid 
fuels,  some  combination  of  natural  and  syn- 
thetic hydrocarbons,  will  be  used  In  oars 
tliroughout  the  time  frame  of  Interest;  (3) 
world  resources  can  supply  the  automobile’s 
expected  demand  for  fuels  and  materials  of 
construction;  and  (4)  environmental  air 
quality  w-111  demand  continued  attention, 
necessitating  more  restrictive  emission 
standards  for  stationary  as  well  as  mobile 
sources. 

Against- that -backdrop,  the  APSES  study 
has  derived  some  major  findings,  the  ration- 
ale for  which  Is  outlined  In  subsequent  .lec- 
tions and  supported  in  detail  In  Volume  II 
of  this  report.  Briefiy,  those  findings  are  as 
follows: 

(1)  Comparatively  simple  vehicle  design 
chaiages — primarily  w-eightsavlng,  essentially 
Independent  of  engine  type  and  functionally 
acceptable  to  the  buyer — can  reduce  the  con- 
ventional automobile's  fuel  consumption  by 
14  to  35 of  present  usage.  Such  changes 
can  be  incrementally  Introduced  and  all  be  in 
production  by  1981.  Other  modifications,  re- 
quiring some  additional  development,  can 
further  reduce  fuel  usage.  All  of  the  vehicle 
Improvements  can  and  should  he  Incorpo- 
rated by  1985,  since  their  benefits  would 
largely  be  retained  when  an  alternate  engine 
is  introduced  .4  modest  shltt  In  market  pief- 
erence  toward  smaller  cars  would  also  yield, 
a short-term  payoff  In  fuel  saving. 

(2)  Vehicles  powered  by  Brayton  or  Stirling 
engines  can  reduce  national  automotive  fuel 
consumption  by  about  one-third  from  that 
of  equivalent  cars  w-llh  conventional  engines 
(for  the  same  usage)  and  with  emissions  be- 
low the  slrie  cst  presently  legislated  stand- 
ards Introd-jction  of  either  of  these  alternate 
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engines  can  be  accomplnhed  wiibout  slc- 
iilfica’it  ndv  erse  Impact  on  the  natloa’.s  econ- 
omy. One  or  both  slio’jld  be  Intrad-jced  a- 
soon  as  these  benefits  can  be  realized  in  c:..- 
nomlcally  mass-produetlble  hardware. 

(3)  The  piesont  development  status  cf  the 
Brayton  and  Stirling  eaentes  does  not  at 
this  time,  permit  a decls.oa  to  begin  c"_s 
production;  hence  their  introduaiica  caanat 
bo  forced  by  an  abrupt  change  la  emission 
standards  or  legislation  of  a fuel  economy 
standard  over  tne  next  few-  years.  Ra'her  a 
more  aggressive  de-.-elcpireat  prcgr.vra.  In- 
volving at  least  a five-fold  Increase  over  the 
present  rate  of  spending.  c.v.st  be  purs-ued. 
Such  a program  reouires  a firm  rormaitmeat 
on  the  part  of  Ind'o-stry.  supp-rrred  by  govern- 
ment funding  or  incentives  .An  iatrod.ictloii 
target  date  of  1935  (earlier,  if  posslb.e) 
should  be  incorporated  In  the  development 
schedule 

(41  Whlie  the  Brayton  Stirling  develcp- 
ment  Is  proceeding,  abo-jt  p<-g  reduction  in 
fuel  consumption  from  tnat  of  the  avervee 
1975  conv-eutlonal  Otto  erclne  can  be  ob- 
tained, w-ilhout  giving  gre-aad  on  entlsslcns 
control,  th'ough  Improved  Indue- ion  systems 
and  exhaust  converters  TTie  com'o'natloa  cf 
such  up.tradcd  Otto  engines  w-lth  the  Im- 
proved vehicles  discussed  !r.  findt.ng  'li  ccr- 
stltutes  not  only  a good  stopgap  autcmoblls 
configuration,  b'jt  also  a very  acceptable 
"fallback”  position  If  Intractable  dlfitcalr.es 
arise  in  both  alternate  engine  dev-elopmeats. 

(5)  Intermlttent-comb'istlon  alternate  en- 
gines— the  Stratified-Charge  Otto  and  the 
Diesel — do  not  offer  eno’cgh  advan-.age  over 
the  improving  conventional  Otto  engine,  la 
vehicles  of  equivalent  performance,  to  w-ar- 
r.vnt  their  widespread  liitroduct'.an  in  cen- 
cral -purpose  automobiles.  Also,  conversion 
of  the  entire  fleet  to  si’Cn  an  engine  con'd 
further  delay  Introduction  of  a Brayton  or 
Stirling. 

(6)  Meeting  the  presently  mandated  Na- 
tional Primary  Ambient  Air  Quality  Stand- 
ards req'ilre.s  co^rSlnated  emlsrlon  reddetlon 
from  both  automotive  and  nonautomotlvi' 
sources  For  areas  outside  the  Dos  Angeles 
basin,  national  automotive  emission  stand- 
ards of  0 4-'3  4/2  0 g -ml  IHC-'CO  NOxl  are 
adequate  through  1990  In  addition,  evapora- 
tive hydrocarbon  emissions  must  be  effec- 
tively controlled  nationwide.  T,.e  Los  Acselcj 
basin  should  mandate  0.4  '3,4  "C  4 g 'ml  emis- 
sion standards  as  soon  as  practicable:  even 
at  those  levels  the  photochemical  oxidant 
(smog)  standard  will  not  be  met.  with  still 
stricter  hydrocarbon  land  possibly  NOx)  con- 
trol being  uiUmately  required- 

other  sources,  especlallv  heavy-duty  vehi- 
cles and  stationary  sources  must  also  be 
aggre.sslvely  controlled  naticn-wide,  or  else 
they  win  be  the  major  poliuters 

Brayton-  and  Stirling-powered  cars  can 
comfortably  meet  the  strict  statutory  stand- 
ards, and  even  the  Otto-enriaed  car,  with 
projected  Improvements,  wlll'be  equal  to  that 
task.  Further  tightening  of  the  a-atomobile 
emission  standards  would  eventual!)  rule  out 
the  Otto  engine,  however. 
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NATIONAL  SCIENCE  FOUNDATION 

WASHINGTON,  D.C.  20550 


OFFICE  OF  ENERGY 
R&D  POLICY 


November  20,  1975 


R.  Rhoads  Stephenson 
Systems  Analysis  Section  Manager 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Rhoady: 

Thanks  for  sending  me  your  November  5 letter  to  Dick  Strombotne, 
along  with  Bob  Husted's  memo  to  Dick.  I want  you  to  know  that 
I wasn't  one  of  the  ADP  members  polled  to  develop  the  comments 
that  Dick  sent  you.  Your  use  of  the  OEE  concept  was  certainly 
valuable,  and  many  other  aspects  of  your  report  are  certainly 
valuable.  I don't  think  your  report  is  an  adequate  "technology 
assessment, "'but  it  is  certainly  a contribution  to  the  important 
work  in  progress  to  improve  automobile  engine  technology. 

Sincerely, 

Leonard  Topper 
Energy  Policy  Analyst 
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Columbus,  IN  47201 

and 

Response  by 
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Pasadena,  CA  91103 
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California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 

HE:  34LPE^77-185-26 

June  29,  1977 


Mr.  W.  T.  Lyn 
Vice-President  — Research 
Cummings  Engine  Company,  Inc. 

Coliimbus,  Indiana  47201 

Dear  Mr.  Lyn: 

Subject:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

We  wish  to  acknowledge  your  letter  with  appreciation  for  the  interest  you  showed  in 
the  subject  study.  Since  the  time  your  critique  was  received,  our  program  has  been 
restructured,  and  background  information  on  it,  including  the  critique  response 
plan,  is  enclosed.  Your  observations  are  well  made  regarding  the  many  factors  of  a 
non-technical  nature  which  can  strongly  influence  the  choice  of  an  engine,  and  we 
did  attempt  to  include  some  of  these  factors  in  the  study.  In  the  follow-on  work, 
summarized  in  the  enclosure,  we  expect  to  expand  the  evaluation  of  alternative 
engines  beyond  that  which  was  possible  in  the  original  study. 

Regarding  your  observation  on  the  emergence  of  a viable  NOX  decon^osition  catalyst, 
it  would  indeed  impact  the_resijlts  of  our  study,  especially  in  respect  to  the 
diesel  engine.  Because  such  a device  does  not  yet  appear  on  the  horizon,  although 
it  is  the  subject  of  considerable  research,  we  chose  to  omit  it.  In  response  to 
your  second  point,  we  expect  the  internal  combustion  Stirling  engine  to  have  higher 
levels  of  emissions  and  lower  efficiency  than  one  with  a closed  cycle  due  to  the 
inherent  characteristic  of  a regenerator  which  would  make  open-cycle  regeneration 
more  difficult.  Therefore,  we  excluded  this  approach  from  further  consideration. 

We  are  glad  that  you  appreciate  the  limitations  of  our  study  as  a result  of  nec- 
essary restrictions  of  scope.  Hopefully,  we  will  be  able  to  deal  with  most  of  the 
Important  limitations  of  the  study  in  our  follow-on  program.  We  value  your  com- 
ments, and  plan  to  respond  to  them  in  more  detail  in  an  appropriate  Technical  Task 
Simmary. 


Manager 

Automotive  Technology  Status  and 
Proj ections 

HEC;nrw 

Enclosure 


Telephone  354-4321 


Twx  910-588-3269 
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TELEPHONE 


AREA  CODE  812 
372-7211 


December  12,  1975 


Mr.  R.  Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Dear  Mr.  Stephenson: 

Thank  you  for  the  copies  of  the  JPL  report  on  ’’Should  We 
Have  a New  Engine”.  As  it  turned  out,  we  have  already  had 
access  to  this  report,  and  our  people  have  been  at  the  various 
meetings  during  which  the  report  was  discussed. 

Since  the  terms  of  reference  are  in  automobile  application, 
they  are  outside  our  normal  business.  However,  the  report  could 
not  help  but  generate  a keen  interest  in  our  company. 

Few  can  argue  against  the  contention  that  it  is  easier  to 
arrange  the  combustion  processes  in  a continuous  flow  machine, 
and  in  particular  an  external  combustion  machine  where  combustion 
takes  place  under  atmospheric  conditions;  and  so  if  emission  is 
the  sole,  or  even  the  major,  criterion,  this  machine  could  be 
the  preferred  solution.  However,  in  real  life,  the  choice  of  a 
particular  machine  depends  on  so  many  factors,  many  of  which  are- 
not  technical  in  nature  (ejg.  economics,  capital  availability, 
legislative  constraint,  etc.).  This  is  what  makes  the  projection 
so  difficult  and  fascinating  and  rewarding  for  those  who  make  the 
correct  crystal  gaging. 

On  the  technical  ground,  I noticed  that  two  items  have  been 
left  out,  presumably  for  good  reasons  unknown  to  us.  One  is  the 
impact  of  the  emergence  of  a viable  NO  decomposition  catalyst; 
and  the  other  is  the  internal  combustion  Stirling.  However,  in 
a report  of  this  nature,  one  simply  has  to  draw  a line  somewhere; 
and  in  general,  our  people  thought  the  report  stimulating  and 
well  executed. 


W.T.Lyn/pe 


Sincerely, 

Vice  President  - Research 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE;  34LPE-77-188-27 


June  29,  1977 


Mr.  Robert  A.  Harmon 

Consultant 

25  S chair en 

Latham,  New  York  12110 
Dear  Mr.  Harmon: 

SUBJECT:  Critiques  o£  JPL  Report  SP 43-17,  "Should  We  Have  a New  Engine?" 

Thank  you  for  your  letter  and  for  the  summary  of  developments  on  the  Warren 
Reciprocating  Brayton  Cycle  engine  which  have  occurred  since  publication  of 
Dr.  Warren's  1969  SAE  paper.  We  regret  that  we  were  not  aware  of  this  prog- 
ress during  preparation  of  the  subject  report.  Our  automotive  studies  have 
been  reoriented  since  receipt  of  your  letter,  as  summarized  in  the  enclosure. 
As  you  are  aware  from  our  personal  conversations,  we  have  already  accomplished 
a modest  review  of  this  work,  including  a trip  to  visit  Dr,  Warren. 

We  recognize  the  many  desirable  features  of  the  engine  concept,  and  hope  that 
they  can  be  verified  in  subsequent  development.  There  are  some  serious  diffi- 
culties, we  feel,  thatmust  be  overcome  in  the  Warren  engine;  for  example,  the 
cooling  of  the  inlet  valve  of  the  expander  and  the  spring-loaded  exit  valve. 

It  appears  questionable  if  a spring-loaded  valve  is  suitable  for  operation  at 
the  high  RPM's  hhat  are  necessary.  We  have  not  seen  data  to  demonstrate  that 
such  difficulties  can  be  overcome. 


We  hope  that  you  will  keep  us  Informed  on  engine  developments  so  that  new  data 
may  be  included  in  appropriate  Technical  Task  Summaries,  as  mentioned  in  the 
attached  summary.  We  greatly  appreciate  your  interest  in  the  subject  report 
and  your  effort  in  reviewing  it. 


E.  Co trill.  Project  Manager 
Automotive  Technology  Status 
and  Proj  actions 


HEC:gpa 

cc:  Enclosure  (1) 


Telephone  354-4321 


Twx  910-588-3269 
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December  17 i 1975 


Dr.  R.  Rhoads  Stephenson 

Section  Manager 

Systems  Analysis  Section 

Jet  Propulsion  Laboratory 

California  Institute  of  Technology 

4800  Oak  Grove  Drive 

Pasadena,  California  91103 

Dear  Rhoads; 

Once  in  a v/hile  I do  some  work  with  Dr.  Glenn  B.  Warren, 

V.P,  General  Electric  Co.  (Retired),  Past  President  of  A3ME, 
and  Consulting  Engineer.  He  has  read  with  much  interest 
your  report,  "Should  V/e  Have  a Kev/  Engine?" 

Based  on  comments  at  the  ERDA  meeting  in  Ann  Arbor,  Nov.  17, 
it  seems  likely  that  ERDA  may  provide  funds  for  you  to  expand 
some  sections  of  the  report  and  to  provide  comprehensive  an- 
sv/ers  to  some  of  the  many  questions- and  comments  which  the 
report  has  stimulated. 

In  your  report , _ Volume  II,  Page  2-l'5  you  refer  to  "positive 
displacement,  high  exnansion  ratio  Brayton  engines  with  con- 
tinuous combustion  systems".  You  also  refer  to  Dr.  .Warren's 
early  SAE  paper  on  the  subject.  Ref.  2-15. 

Over  $500,000  has  been  devoted  to  the  preliminary  design  and 
analysis  of  this  engine  since  about  I967.  A great  deal  of 
progress  and  additional  information  has  been  developed  since 
publication  of  the  SAE  paper  in  I969. 

In  view  of  the  recent  emphasis  on  low  fuel  consumption  and 
near  term  solutions  to  energy  problems  as  well  as  low  emis- 
sions, the  Warren  Engine  is  being  reconsidered  by  a number  of 
automotive,  industrial  and  Government  organizations.  It  has 
been  suggested  that  you  v/ould  want  to  provide  more  in-depth 
treatment  of  this  type  of  engine  in  any  supplemental  material 
which  you  might  publish  under  ERDA  or  other  sponsorship. 

Beca.use  the  VJarren  engine  looks  particularly  attractive  for. 
the  short  range  with  relatively  low  risk  and  lov/  investment 
required,  I have  taken  the  liberty  of  forv/arding  herewith 
three  brochures  on  the  VJarren  Engine.  Brochure  A is  a concise 
sum-mary  of  the  background,  status,  and  projections  for  the 
engine.  Brochure  B and  C have  much  of  the  technical  back-up 
and  supporting  details. 

In  essence  the  Warren  Engine  promises; 

. More  Transportation  miles  per  barrel  of  crude  oil  than 
any  other  near  term  candidate  engine.  Fuel  rate,  par- 
ticularly at  part  load,  is  very  low  - diesel  compet’'itive , 
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. Very  lov/  emissions  including  the  0.^  gm/ni  NOx  requirement. 

. Near  tern  mass  production  capability  at  conventional  engine 
cost  v/ithcut  materially  changing  existing  tooling. 

. Efficient  use  of  broad  range  fuels. 

, Suitability  for  export  to  World-wide  markets. 

. Ability  to  meet  peak  pov/er  requirements  as  well  as  part 
load  fuel  economy  and  emission  requirements  by  use  of  a 
low  cost,  high  production  turbocharger.  The  turbocharger 
supplies  excess  air  for  regenerative  cooling  of  the  burner 
liner  and  rhe  high  temperature  inlet  valve  of  the  expander. 
This  provides  the  maximum  power  capacity  and  alleviates 
the  cooling  problems  associated  with  these  critical 
components. 

This  material  should  provide  additional  insight  into  the  poten- 
tial value  of  this  type  of  engine?  no  doubt  it  will  also  raise 
additional  questions . 

I am  sure  Glenn  h'arren  will  welcom.e  further  inquiries  and 
questions  about  the  V/arren  engine.  Additional ' inf ormation  and 
documentation  can  be  provided  as  required. 

Sincerely , 


Robert  A . Harmon 
Consultant 
25  3 chair en  Drive 
Latham,  NY  12110 

518-785-8651 


cc;  Glenn  B,  V/arren 

Consulting  Engineer 
l48  East  Coronado  Road 
Phoenix,  Arizona  8500^}- 
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and 
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Jet  Propulsion  Laboratory 
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California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE;  34LPE-77-192-31 
June  29,  1977 


Dr.  Glenn  B.  Warren,  Consulting  Engineer 
1361  Myron  Street 
Schnectady,  NY  12309 

Dear  Dr.  Warren: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

The  informative  letter  from  your  associate  Mr.  Harmon  to  Mr.  R.  A.  Mercure  of 
the  U.S.  Energy  Research  and  Development  Administration  (ERDA)  regarding  the 
subject  report  has  been  forwarded  to  us  for  reply.  We  were  interested  to 
learn  of  the  significant  developments  that  have  occurred  on  the  Warren  Recip- 
rocating Brayton  Cycle  (RBC)  engine  since  1969,  and  regret  that  we  were  not 
aware  of  this  progress  at  the  time  the  subject  report  was  in  preparation.  In 
the  meantime,  our  work  has  been  reoriented,  and  background  and  status  of  the 
restructured  program  are  summarized  in  the  enclosure. 

Many  of  the  points  raised  in  your  letter  will  be  addressed  in  the  course  of 
our  current  study,  and “the  results  will  be  included  in  an  appropriate  Tech- 
nical Task  Summary  (TTS) . In  the  meantime,  we  would  like  to  comment  on  the 
following  items  selected  from  your  letter. 

1)  Horsepower  Sizing 

We  agree  that  vehicle  acceleration  is  a characteristic  of  importance 
and, of  course,  at  least  one  aspect  of  acceleration  was  included  in 
the  criteria  for  the  Otto  Equivalent  Engine  (OEE) . It  is  not  clear 
at  this  point,  however,  whether  other  acceleration  criteria  except 
the  0-60  mph  time  should  be  included.  It  is  also  not  clear  what 
weighing  acceleration  should  be  given  in  sizing  an  engine.  The  entire 
question  of  engine  installed  horsepower  at  JPL  is  being  reconsidered 
now  and  the  results  will  be  published  early  in  1978  as  a Technical 
Task  Summary  (TTS). 

2)  Driving  Cycle 

The  mix  of  urban  and  highway  driving  assumed  for  the  subject  report 
was  55%  urban/45%  highway  on  a mileage  basis.  And  of  course  there  are 
detailed  studies  of  driving  patterns  which  support  this  ratio.  Note 
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that  a 55/45  mileage  mix  leads  to  a fuel  usage  split  of  65%  consumed 
• in  urban  driving  and  35%  on  the  highway.  The  fuel  consumption  split 
is  based  on  the  assumption  that  the  highway  mileage  (in  mi/gal)  is 
50%  higher  than  the  urban  mileage. 

3)  Fuel  Consumption  During  Idle 

The  vehicle  fuel  consumption  projections  given  in  the  subject  report  do 
include  the  effect  of  idle  fuel  consumption.  In  order  to  produce  an 
OEE  vehicle,  since  very  few  if  any  exist,  we  generated  them  by  means 
of  a computer  simulation  program.  So,  while  there  is  in  general  no 
direct  experimental  data,  all  the  projections  are  based  on  experi- 
mentally derived  engine  maps  and  do  include  idling  fuel  consumption 
data. 

4)  Control  of  Stirling  Engines 

Stirling  engine  control  is  an  area  of  active  research.  Our  opinion 
is  that  automatic  control  is  a difficult  but  solvable  engineering 
problem.  Status  of  control  technology  for  Stirling  engines  will  be 
included  in  an  appropriate  TTS  and  in  our  annual  reports  to  ERDA. 

Your  critiques  have  been  most  helpful  to  us  and  we  appreciate  the  time  you  have 

spent  preparing  them. 
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Dr.  R.  Mercure: 

U.S.  Energy  Research  and  Development  Adrainstration 
Heat  Engines  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.W, 

Washington,  D.C.  20545  Sub j : "Ihe  Warren  Engine 

A Reciprocating  Brayton  Cycle(RBC) Engine 


Dear  Dr.  Mercure: 


V/e  wish  to  submit  the  above  Engine  to  the  Jet  Propulsion  Laboratory  Automotive 
Rower  Systems  Evaluation  for  inclusion  in  the  Evaluation  of  Alternate  Systems. 

We  have  been  in  communication  with  the  Ford  Motor  Co, , and  with  Mr.  Ford 
direct  in  connection  with  the  above  Engine  Proposal.  We  expressed  regret  that  we 
had  not  bean  ask  to  help  in  presenting  our  more  recent  work  on  this  project  to  the 
JPL  before  their  very  comprehensive  Report  was  finished.  Mr.  Ford's  Nov,  21,  1975 
letter  to  me  had  the  following  paragraph: 

"As  you  know,  the  JPL  Report  was  done  under  a grant  from  the  Ford  Motor  Co. 

As  it  was  an  independent  study,  I would  suggest  that  you  contact  them  directly  and 
provide  them  with  the  latest  infonnation  as  we  believe  they  are  earnestly  trying  to 
make  a complete  and  factual  assessment  of  the  alternative  engine  field  and,  there- 
fore, would  welcome  additional  information," 

I immediately  requested  my  associate,  Mr.  Robert  A.  Harmon,  Consultant,  Lath- 
am, N.Y,  to  send  Dr.  Stephenson  copies  of  our  recently  prepared  Brochures  describing 
this  proposed  engine,  which  I understand  he  did.  I am  sending  you  another  copy  of 
this  material  with  some  supplementary  information  with  this  letter. 

Further , I have  a copy  of  the  ERDA  "Announcement"  of  last  month  requesting 
critiques  and  other  suggestions  and  data  from  individuals  relative  to  this  JPL 
Report.  Ihis  we  wish  to  do.  Please  note  the  attached  Supplement. 

We  have  spent  much  time  and  effort  in  studying  the  very  comprehensive  Jet  Pro- 
pulsion Laboratory  investigation  and  Report.  Because  of  its  broad  scope  and  finite 
funding  it  is  recognized  that  everything  could  not  be  considered  in  detail.  Ihe 
Reciprocating  Brayton  Cycle  was  mentioned,  and  my  I969  SAE  Paper  thereon  was  cited. 

It  was  not  studied  in  detail,  and  apparently  none  of  our  developments  since  then  were 
known  to  JPL.  My  associates  and  I,  however,  have  studied  this  system  in  depth  over 
the  past  seven  years  and  we  feel  that  it  should  be  reconsidered  by  the  JPL  Automotive 
Power  System  Evaluation  for  a number  of  reasons,  some  of  which  are  summarized  below, 
aj^  in  the  accompanying  Brochures,  A,  B,  and  C.  -Ihe  engine  as  we  now  envision  it  is 
illustrated  and  described  in  these  Brochures,  its  key  features  and  advantages  re- 
viewed, and  the  problem  areas  are  identified  and  discussed. 

THE  WARREN  ENGINE,  a modern  Reciprocating  Brayton  Cycle  Engine(RBGE). 

Ihe  RBC  Engine  fits  the  description  of  the  George  Brayton  Engine  of  his  18?3 
patent  as  described  in  5-1.  “1  Vol.H  of  the  JPL  Report.  This  present  Brayton  Engine 
Concept  was  presented  by  me  in  an  SAE  Paper  No.  690045,  also  attached.  These  Broch- 
ures describe  the  results  of  a continuous  refinement  of  the  design  and  calculations 
and  some  component  tests  carried  out  since  the  SAE  Paper  was  published. 
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This  proposed  engine  from  the  emissions  standpoint  should  have  the  advan-tages 
of  the  Brayton  Cycle  which  are  pointed  out  on  page  59  of  the  JPL  Report  Vol.I  when 
it  is  stated  "The  continuous  combustion  power  plants,. , Braytons,  Rankines,  and  Stir- 
ling.... are  capable  of  emissions  well  below  the  statutory  standards;  and  (if  used) 
would  relegate  the  automobile  to  a secondary  place  in  the  list  of  major  polluters. 
Their  advantage  in  this  regard  stems  from  the  fact  that  the  combustion  process  is 
physically  divorced  from  the  work-producing  process.  Simultaneous  control  of  form-' 
ation  of  the  three  pollutants  necessitates  an  increase  in  the  time  interval  allotted 
to  combustion  and,  in  these  engines,  efficiency  is  not  sensitive  to  the  combustion 
interval."  Ihis  is  restated  in  the  JPL  Report  Vol.  II,  page  2-12. 

Computer  studies  based  upon  the  "fuel-air  cycle"  of  the  limited  pressure  Diesel 
engine  including  corrections  for  the  Brayton  Cycle  deviation  from  the  Diesel  cycle 
indicate  that  this  engine  with  the  advantages  of  modern  design  details  and  materials 
should  equal  or  exceed  the  energy  efficiency  of  the  automotive  Diesel  of  comparable 
displacement  and  comparable  supercharging. * As  is  generally  known  the  automotive 
Diesel  is  the  most  efficient  automotive  engine  in  active  production  and  use  today 
where  it  has  not  been  detuned  to  reduce  emissions.  This  high  efficiency  is  partic- 
ularly so  at  light  loads  and  low  speeds  which  characterize  motor  car  use  in  urban 
areas.  'Ihese  same  computer  results  indicate  that  its  specific  capacity  should  be 
comparable. 

These  high  efficiencies  are  possible  with  the  Brayton  system  also  because  the 
reciprocating  compressor  and  expander  construction,  in  contrast  to  the  turbine,  per- 
mits high  internal  efficiency  with  high  compression  ratio sf^i'sla-tively  low  volume 
gas  flows  at  flow  values  proportional  to  rotative  speed.  Further  the  water  and  re- 
generative air  cooling  of  the  expander  elements  permits  the  use  of  high  temperatures 
and  therefore fuU/itilizati on  of  the  air  injested  without  the  metal  temperatures 
approaching  too  closely  the  working  gas  temperatures. 

The  matter  of  the  comparative  economy  which  it  is  expected  this  Reciprocating 
Brayton  Engine  will  show  in  comparison  to  the  conventional  Otto  Cycle  engines  now 
in  wide  use  on  motor  cars  is  treated  in  an  accompanying  copy  of  a Mar.  12,  19?6  letter 
from  me  to  one  of  my  associates,  Mr,  Robert  Harmon.  In  this  letter  it  is  pointed 
out  that  the  Diesel  has  outstandingly  good  fuel  economy  in  the  stop  and  go  driving 
so  characteristic  of  urban  area,  and  in  which  a large  proportion  of  the  automotive 
fuel  is  consumed.  It  is  expected  that  the*  RBC  Engine  can  do  as  well  and  still  meet 
the  required  low  emissions. 

The  high  relative  fuel  consumption  of  the  Otto  Engine  in  this  stop  and  go 
driving  mode  was  brought  out  in  my  1965  ASME  Paper  No.  65-WA/APC-I  titled  "Some 
Factors  Influencing  Motorcar  Fuel  Consumption  in  Service"  copy  attached.  This  sub- 
ject is  now  brought  more  up  to  date  by  a recent  Schultz( Perkins )SAE  Paper  No,  760047. 

A copy  is  attached  of  the  Press  Release  of  this  Paper. 

Another  way  of  looking  at  this  relative  fuel  consumption  at  lower  speeds  and 
loads  for  the  present  Otto  engine(1969  performance)  pre-emission  control,  the  pre- 
sent automotive  gas  turbine  with  regenerator  and  free  power  turbine,  the  Diesel 
automotive  engine,  and  the  Warren  Reciprocating  Brayton  Engine  is  shown  on  page  4 
of  Brochure  A,  and  page  6 of  Brochtire  B. 
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We  earnestly  recomment  a careful  and  exhaustive  study  and  consideration  of 
this  alternative  since  the  correctness  of  its  potentialities  can  be  so  easily 
and  quickly  determined  at  a relatively  low  cost  by  building  a few  prototypes  for 
dynamometer  testing.  "Ihen  if  it  turns  out  that  our  expectations  are  realized,  or 
it  looks  as  tho  with  some  development  they  can  be,  then  it  should  permit  its  grad- 
ual introduction  into  production  in  less  time,  and  with  less  developmental  and 
manufacturing  cost,  and  industry  disruption  than  could  be  had  with  the  adoption 
of  any  of  the  other  alternatives  now  being  seriously  considered,  Ihis  would  be 
because  of  the  basic  structural  similarity  of  the  proposed  Reciprocating  Brayton 
Cycle  Engine  and  the  present  Otto  Engine  of  the  Industry. 

Ihe  requested  detailed  Critiques  and  Suggestions  relative  to  the  present 
outstanding  and  exhaustive  JPL  Reports  are  attached. 

If  you  have  questions  we  would  be  pleased  to  supply  additional  data  and 
details,  and  we  would  welcome  an  opportunity  to  discuss  this  engine  concept  with 
the  proper  ERDA  or /and  JPL  people  directly. 


Sincerely 


Enclosures : 


Brochures,  A,  B, -and  C on  the  Warren  Engine. 
Explanatory  Letter,  Mar.  12,  19?6,  Warren  to  Harmon 
Page  7 from  Brochure  A. 

Copy  of  ASME  Paper  No.  65-WA/APC-I 

Press  Release  of  Schultz (Perkins)  SAE  Paper  No.  76004? 
Copy  of  SAE  Paper  No,  690045  on  RBC  Engine. 

Critique  of  JPL  Report. 
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CONSULTING  ENGINEER 


1361  MYRON  STREET 
SCHENECTADY.  N.  Y.  1230S 

April  15,  1976 

SUPPLEMENT  to  letter  of  April  15,1976  to  R.  Mercure,  ERDA. 

Response  to  "ANNOUNCEMENT" (Mar.  1976)  from  ERDA  Requesting  Critiques  of  the 
Original  JPL  Report  as  to  "Should  We  Have  a New  Engine. " 


vice:  president 
GENERAL  ELECTRIC  CO. 
RETIRED 

PAST  PRESIDENT  A 9,hi  E 


1 ) Acceptable  Design  Maximum  Horsepower  in  the  Various  Alternative  Engines. 

It  seems  that  the  low  relative  values  of  the  equivalent  maximum  horse-power 
of  the  alternative  engines  of  the  Brayton  GT, Stirling  and  Rankine  Engines  shown  on 
Table  4,  page  55,  Vol.I  are  based  upon  an  incorrect  assumption.  On  page  33  of  Vol.I 
is  a discussion  of  the  Otto  Engine  Equivalent, (OEE).  In  addition  to  the  two  crit- 
eria as  to  performance  in  Item  (5)  of  page  33  I sun  sure  that  another  performance 
criteria  is  equally  or  more  important  from  the  safety  and  drivers'  standpoint,  and 
that  is  the  time  required  to  accelerate  from  about  50  to  60  mi/hr.  or  even  more 
when  attempting  to  oass  with  safety  a trailer  truck  on  a 1 or  2^  grade.  To  do  this 
safely  requires  Horsepower.  A modern  Otto  enginecan  do  this  if  necessary  in  the  1st 
or  2nd( accelerator  gear)  in  a three  speed  transmission  without  undue  overspeed  of 
the  engine,  and  in  these  gears  and  at  these  speeds  almost  the  full  rated  power  of 
the  engine  is  available.  The  Brayton  and  Stirling  motor  vehicles  listed  in -Table  4 
of  Vol.  I will  be  distinctly  under-powered  in  such  a situation  when  compared  to  the 
UC  Otto.  Further  with  a suitable  transmission  on  any  one  of  the  engines  the  shape 
of  the  "speed-horse-power  curve"  is  not  a proper  criterion  of  the  maximum  power 
required.  This  is  very  clear  on  the  JPL  estimates  made  in  the  report  relative  to 
the  single  shaft  QT  performance  in  which  the  speed  power  curve  is  very  disadvant- 
agious  but  is  overcome  by  an  IV  transmission.  This  therefore  gives  these  alternat- 
ives an  unfair  overall  advantage. 

The  above  comments  are  made  with  the  background  of  more  than  60  years  of 
driving  USA  motor  oars,  and  about  30,000  miles  of  driving  two  2800  lb.  European 
motor  cars  with  about  70hp  engines  in  each,  l/3d  of  which  was  in  Europe  and  the 
remainder  in  the  USA, 

2)  Driving  Cycles  Which  Are  Determining  From  the  Emissions  and  Fuel  Use  Standpoint. 

The  study  does  not  seem  to  put  enough  emphasis  on  thelight  load,  low  speed, 
stop  and  go  traffic  conditions  with  the  short  trip  length  which  are  typical  of  so 
much  of  the  use  to  which  the  average  privately  owned  motor  vehicle  is  put  today. 

I believe  it  is  frequently  assumed  that  55'i^  of,  fuel  is  used  in  urban  driving  and  45^ 
in  highway  driving.  This  is  probably  more  nearly  70  and  30^,  or  is  apt  to  be  in  a 
few  years. 

3)  Fuel  Consumption  in  Real  Driving  Experience. 

The  writer  pointed  out  in  an  ASME  Paper  No.  65/wa/APC-I  in -1965, copy  attached, 
the  almost  2 to  1 difference  in  the  miles/gallon  obtained  from  motor  cars  with  Otto 
Cycle  engines  when  they  are  driven  an  average  of  100  miles  per  day  compared  with  the 
miles  per  gallon  when  they  are  driven  but  an  average  of  1 0 miles  per  day.  This  is 
recognized  today  when  City  mi/gal.  are  given  as  about  2/3ds  Highway  mi/ gal. 

In  contrast  based  upon  many  thousand  miles  of  operation  on  duplicate  motor 
cars,  one  with  an  automotive  BLesel  engine,  and  three  with  Otto  SI  engines  the  Diesel 
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gave  about  the  same  miles/gallon  in  the  Summer  time  whether  operated  an  average  of 
100  mi/day  or  10  rai/day,  and  dropt  down  only  slightly  when  operated  10  mi/day  in 
the  five  months  of  a New  England  Winter. 

Further  as  shown  also  more  than  1 00^  greater  mi/gal.  were  obtained  on  the 
Diesel  car  when  driven  25  mi/day  as  compared  to  the  Otto  SI  engined  duplicate  cars. 

I do  not  have  specific  figures  but  it  is  probable  that  the  average  motor  car  is 
driven  but  an  average  of  about  25  mi/day  thruout  its  useful  life, 

Ihis  difference  in  economy  between  the  Diesel  and  Otto  engined  vehicles  is 
undoubtedly  due  to  three  basic  differences  in  these  two  motive  power  systems : 1 ) Ihe 
Diesel(and  the  Reciprocating  Brayton  Cycle)  engine  operate  on  a very  lean  fuel  air 
mixture,  and  this  being  nearer  the  air-cycle  has  inherently  a higher  efficiency, 
particularly  at  light  loads,  than  an  engine  as  the  Otto  which  must  have  a working 
fluid  which  is  only  slightly  lean  Or  fuel  rich  most  of  the  time;  2)  The  Otto  Engine 
throttles  the  air  inlet  for  light  loads,  thus ^introducing  a pumping  drag  on  the  en- 
gine whereas  the  Diesel  or  the  RBCB  do  not  throttle  the  air,  but  control  the  load 
by  the  amount  of  fuel  injected; and  3)  the  latter  two  engines  need  no“choke"  for  cold 
starting  which  gives  an  over  rich  mixture  to  the  Otto,  whereas  the  other  two  engines 
will  operate  "lean"  at  all  times. 

4)  A 1976  SAE  Paper. No.  ‘/'600U-?  by  Schultz  (Perkins),  Press  Release  attached,  shows 
new  data  regarding  actual  relative  fuel  consumption  by  many  different  Otto  Cycle  and 
Diesel  motor  cars  under  various  driving  conditions.  Ihe  plotted  data  indicates  also 
the  major  influence  which  the  idle  fuel  consumption  has  on  total  fuel  consumption 

in  this  kind  of  driving  in  traffic,  and  at  various  speeds  and  trip  length  conditions. 
Further  by  showing  the  high  proportion  of  fuel  consumed  in  such  traffic  conditions 
it  points  out  that  any  new  automotive  engine  system  which  is  expected  to  show  a sub- 
stantial fuel  saving  must  perform  outstandingly  well  under  these  difficult  stop  and 
go  traffic  conditions. 

5)  Fuel  Consumption  Under  Varying  Loads  With  the  Alternate  Engines. 


We  have  been  given  to  understand  verbally  that  the  present  fuel  consumptions 
shown  for  the  Stirling  engined  cars  are  based  upon  "steady  state  data. " We  find  no 
evidence  in  the  Reports,  Vol.  I or  Vol,  II,  which  show  the  expected  idle  fuel  con- 
sumption of  the  Gas  Turbine,  present-Matxire-or  Advanced,  or  of  the  Stirling  or  Rankine 
engines.  Without  these  data  it  is  difficult  if  not  impossible  to  determine  the  rel- 
ative fuel  consumption  which  these  Alternative  Engines  will  have  in  real-life  driv- 
ing conditions  as  compared  to  the  US  Otto  or  the  Present  Diesel  Engines. 

6)  Control  of  Stirling  Engine  for  Varying  Loads. 

It  is  apparently  necessary  to  change  the  "Mean-Pressure  Level"  of  the  hydro- 
gen working  fluid  in  the  Stirling  Engine  to  operate  efficiently  at  different  loads. 
Altho  the  amount  of  hydrogen  is  small,  at  full  load  it  must  be  at  a pressure  level 
of  nearly  3000  lb/sq,in.  Ihis  requires  storing  hydrogen  by  pumping  from  the  engine 
to  a storage  tank  to  operate  at  a lower  MPL,  and  so  operating  at  a lower  load  wiiii 
high  efficiency.  Ihen  hydrogen  is  valved  from  this  storage  tank  back  into  the  engine 
to  permit  operation  at  higher  loads.  Obviously  the  stored  hydrogen  in  the  storage 
tank  must  be  at  higher  pressure  than  3000  psi.  This  is  a good  system  for  a marine 
or  stationary  power  plant  where  load  changes  are  infrequent,  but  is  not  well  adapted 
to  the  constantly  changing  load  conditions  when  the  Staking  is  used  in  a vehicle 
for  m?ban  driving. 

Such  changes  in  MPL,  I would  assume,  would  have  to  be  supplemented  by  changes 
in  "by-pass  flow"  for  short  periods,  or  changes  in  "dead  volume. " These  must  reduce 
the  otherwise  high  efficiency  for  these  short  periods  of  time,  would  require  complex 
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control  mechanisms,  since  it  cannot  be  expected  that  thie  driver  can  do  iliis  manually. 

Ihis  certainly  must  seriously  increase  the-  otherwise  low  fuel  consumption  of  the 
Stirling  engine  when  used  under  those  varying  load  conditions. 

7)  Efficiency  and  Operating  Conditions  of  the  Gas  Turbine  Alternatives. 

Ihe  automotive  Gas,  Turbines  of  either  the  two  shaft  or  one  staft  versions,  :‘s. 
based  upon  present  technology, are  particularly  deficient  in  this  respect  in  that  the 
idle  flow  seems  to  be  about  twice  that  of  the  equivalent  sizeUC  Otto  engine,  and  ab- 
out 4 times  thejtdle  fuel  flow  of  the  Present  Diesel  engine.  The  idle  fuel  flow  of  the 
RBCE  is  expected  to  be  about  the  same  as  the  equivalent  Diesel. 

Further,,  at  idle  conditions  the  GT  compressor  and  turbine  have  to  be  slowed 
down  to  about  50^  full  rpm  in  order  to  get  even  these  values  of  idle  fuel  flow.  At 
this  50'^  rpm  its  stability  of  operation  is  borderline,  and  compressor  "stall"  is  apt 
to  take  place  if  the  throttle  is  opened,  that  is  if  fuel  is  fed,  too  fast  in  the 
expectation  that  the  GT  will  operate  at  higher  power.  As  indicated  on  Fig.  4 of  Broch- 
ure A this  situation  is  avoided  on  the  Present  Two  Shaft  GT  by  holding  the  vehicle 
with  the  brake'  at  the  stop  light  and  increasing  the  speed  of  the  compressor-turbine 
combination  by  depressing  the  accelerator  pedal  so  as  to  prevent  "Ibis  stall  on  sub- 
sequent acceleration  when  the  green  light  comes  on.  This  causes  a material  increase 
in  the  idle  fuel  flow,  and  hence  a decrease  in  the  mi/gal.  in  such  operation. 

The  adverse  effect  of  this  traffic  operating  condition  on  the  Present  2 Shaft 
GT  fuel  consumption  in  Urban  traffic  is  so  great,  as  indicated  in  Table  5-10,  that 
it  is  expected  the  Mature  version  will  have  to  make  a 100^  improvement  (8,9  to  1?.2 
mi/gal)  to  be  satisfactory.  In  view -of  the  fact  that-  the  8.-9  rai/gal.  represents  the 
best  result  of ' almost  25  years  of  intense  and  outstandingly  competent  R&D  work  on 
this  engine  by  the  Chrysler  Coup.  To  make  such  a large  gain  now  on  'this  phase  of 
the  performance  is  a very  difficult  objective  to  meet. 


The  Reciprocating  Brayton  Cycle  Engine  is  not  faced  with  this  problem.  It 
should  be  able  to  take  on  Wide  Open  Throttle  Load  -without  stall,  stumble,  or  hes- 
itation by  simply  increasing  the  fuel  flow  since  the  air  flow  to  the  combustion 
chamber  is  that  required  for  WOT  at  whatever  rpm  the  engine  is  running,  and  the 
resulting  increase  in  combustion  chamber  pressure  cannot  make  "the  reciprocating 
compressor  stall. 

Based  upon  my  42  years  of  personal  experience  with  -the  design  and  operation 
of  steam  and  gas  turbines , including  their  RtSD,  the  projected  improvements  in  gas 
turbine  efficiency  indicated  for  the  Mature  and  Advanced  GTs  on  Table  5-1  will  be 
difficult  if  not  impossible  to  obtain.  The  same  is  apt  to  be  true  for  the  compressor 
efficiencies  at  10  and  15  to  1 pressure  ratios.  The  turbine  efficiencies  are  also 
going  to  be  more  difficult  to  hold  up  at  the  higher  pressure  ratios.  One  reason 
is  that  the  shorter  blades  required  for  lower  maximum  capacities  and  higher  pressure 
ratios  mean  -less  efficient  nozzle,  and  bucket  flow  paths.  Another  reason  in  this  same 
direction  is  that  if  the  pressure  ratios  are  increased  it  puts  many  of  the  turbine 
nozzle  and  bucket  passageways  in  the  supersonic  region  and  flow  losses  are  almost 
certain  to  take  place. 

Further,  experience  indicates  that  turbine  nozzle  and  bucket  efficiencies 
are  reduced  by  relatively  large  "fillets"  and  thicker  "trailing  edges".  Such  con- 
ditions are  going  to  be  hard  to  avoid  with  ceramic  rotors  and  nozzle  rings. 
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8)  CERAMIC  MATERIALS  FOR  GT  ROTORS. 

So  far  as  I can  see  the  outstanding  material  R&D  being  done  now  in  connection 
with  the  development  -of  ceramic  materials  for  this  program  is  fiirmly  based  upon 
the  understanding  that  everything  possible  should  b'e  done  to  increase  the  ductility 
of  the  ceramic  materials  comprising  the  turbine  rotors.  Several  recent  SAE  papers 
indicate,  however,  that  "low  ductility  is  a major  problem."  SAE  Paper  760262  points 
out  further  that  creeo  or  apparently  ductile  flow  in  ceramics  is  really  "a  slow 
crack  growth  'phenomenon  rather  than  plastic  flow  as  in  metals  and  . . . can  lead  to 
catastrophic  failure. " Ihe  experience  of  turbine  manufacturers  here  and  abroad  has 
been  disastrous  in  connection  with  rotor  material  in  which  the  ductility  is  even 
extremely  low,  even  with  metals,  ihis  difficulty  has  been  where  ductility  has  been 
sacrificed  in  favor  of  higher  apparent  strength  material, 

9 ) "Boiler  Efficiency"  of  Stirling  Engine? 

'ihe  Stirling  and  Rankine  Cycle  engines  have  an  atmospheric  pressure  furnace 
which  heats  the  working  fluid  thru  metal  walls.  In  the  Stirling  all  of  the  heat  is 
apparently  put  in  to  the  hydrogen  gas  heating  elements  at  1 300-1 400°F  at  all  loads. 
'Ihe  furnace  gases  must  be  appreciably  above  this  temperature  to  keep  the  weight  of 
these  heating  elements  to  a minimum.  Then  since  there  are  no  lower  temperature  sur- 
faces which  can  usefully  absorb  heat  the  rotary  regenerator  must  be  sufficiently 
good  as  to  reduce  the  "stack  losses"  to  a minimum.  This  is  particularly  urgent  be- 
cause I believe  that  the  furnace  is  run  with  about  30^  excess  air  to  keep  the  NOx 
down.  Further  such  a regenerator  must  produce  a very  high  air  preheat  to  the  furnace 
which  makes  low  NOx  a problem. 


Also  the  walls  of  the  combustor  are  in  contact  with  the  hot  inlet  air  and 
the  radiant  heat  from  the  combustion  and  must  be  insulated,  but  for  such  a small 
furnace  the  radiation  losses  are  apt  to  be  an  appreciable  percent,  particularly 
will  be. so  at  lower  loads  and  at  idle  since  it  is  indicated  that  the  top  gas  temp- 
erature remains  relatively  constant  with  varying  loads.  At  no  place  in  Vol.II  was 
it  apparent  that  these  losses  were  recognized  or  accounted  for. 

10)  FACILITIES Table  11.  Summary  Vol.  I 


This  apparently  does  not  take  into  consideration  in  connection  with  the 
investment  in  Manufacturing  of  the  very  large  amount  of  present  tools  which  would 
not  have  to  be  renewed  completely  but  which  could  be  adapted  for  continuing  use  if 
the  new  engine  or  engines  were  to  have  the  similarity  of  major  parts  to  the  UV  Otto 
which  the  Diesel,  Stratified  Charge,  or  Warren( Reciprocating  Brayton  Cycle)  Engines 
would  have.  This  would  be  in  distinct  contrast  to  the  almost  complete  change  over 
which  would  be  required  in  the  case  of  the  GT  or  the  Stirling.  In  the  caseof  the 
Single  Shaft  GT  a complete  change  in  the  transmission  manufacturing  facilities 
would  be  demanded.  These  considerations  it  would  seem  would  represent  a very  great 
difference  in  the  investment  required  over  the  next  decade  depending  upon  which  of 
the  Alternative  Engines  is  adopted. 

11)  SPECIAL  MATERIAL  CONSUMPTION.  Table  12,  Vol. I page  75. 


In  view  of  the  great  size  of  the  automotive  industry,  not  only  in  this  country 
but  in  the  world  the  percentage  of  potential  total  consumption  of  some  critical 
materials  by  the  2 Shaft  GT,  the  Stirling,  and  the  Rankine  engines  should  be  of  real 
concern  in  case  we  should  get  into  another  national  emergency.  'The  RBGE  should  be 
better  even  in  this  respect  than  the  Single  Shaft  GT. 


Sincerely  ‘ / / 


C 
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Dear  Bob; 


Glenn  B.  Warren.  M E.  P.  E. 

CONSULTING  ENGINEER 
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copies  to  Collii?,  S'.sTj;.  Morgan 

148  E.  Coronado  Hd, 

Phoenix,  Ariz,  85004 

SCOCKXX:CCXX>DCQCi':XIiX. 

Mar.  1-2,  1976- 


Subj:  Answers  to  Soxe  of  the  Questions  Raised 
at  the  Feb.  24th  meeting  in  Detroit  with 
the  SWSI  and  Ford  people.  Re,  your  letter 
of  Mar,  2nd  to  me. 


This  letter  and  the  attached  Supplement  dealing  with  the  energy  available  to 
and  utilized  by  the  Fxhaust  Turbine  Driven  Supercharger  as  raised  by  Carlos  Coon 
of  S’sHI  are  onlj’’  ar.S’.-ers  to  some  of  the  questions  raised  at  our  Detoit  Meeting 
with  Ford  and  SV'RI,  Other  matters  will  be  dealt  with  later,  after  we  receive 
•Ih?,  Collins'  expected  letter, 

I should  like  to  reconsider  here,  partic\ilarly,  the  comparison  made  in  Par, 3, 
page  3 of  your  letter  of  Mar.  2nd  to  me  reporting  on  this  meeting.  This  is  needed 
becausG  of  its  importance  and  apparent  misunderstandings.  I quote: 


“Efficiency  is  a key  consideration  and  is  shewn  to  be  approximately  10^  less 
than  the  diesel.  7nis  does  not  seem  to  be  a stong  incentive  to  initiate  a 
high  risk  program,  Thii-  is  a SV3I  concern,  '• 


This  is  not  the  orener  cemoarison  to  make  because  the  diesel  is  not  a '"iabls 


alterriativ-e  moiiT’’e  ec.rer  olant  to  assume  for  thie  oasser^er  ana  ii-'ht 


vehicle^  of  the  fururp.  ( '.his  is  conz'irme-d  by  tiis  JrL  ciuviary  Report  page  75,  ?ar,4) 

A prime  consideration  for  the  future  automotive  vehicles  is  that  of  energy 
and  oil  conservation  wn.th  respect  to  what  we  are  doing  no'.r,  and  what  the  automotive 
industry  is  proposing  for  the  next  generation  of  automotive  engines,  namely  the 
present  uneconomical  Ctto  en.;ine  '.rit.h  exhaust  treatr.ent.  This  was  very  cogently 
put  in  the  presentation  of  Mr,  Coppao,  VP  of  Texaco  on  “getting  .mere  itiles  from 
each  barrel  of  cil“  quoted  more  ccmpletsly  later  in  this  letter,  and  in  Mr.  Dare's 
presentation  to  the  S.tE  on  Feb,  25th  when  he  stated; 


“A  complete  c-nsr.gy  program will  not  happen  in  just  a few  years.  It  vdll 

be  a slow,  gradual,  pain.3takir.3  process  that  ’.Till  make  heavy  demands  on  capital, 
manpo’wer,  and  material,  and  perhaps  heavier  demands  on  cur  ability  to  resolve  aop-  ■ 
arent  co.nflicts  bsf.roen  economic,  on’/ironr;ontal  and  social  issues. 

It  is  these  aemar.d.s  that  make  energy  conservation  such  a \'ltal  part  of  o^l^ 
total  strategy,  k'lthcut  corservalT  c>;t  cu.’'  \a;}r.err'ctTi.tv  Trill  continue  to  .trew  'until 
new  rcs-'-iro-''5  ca'-'.  b:  -.npreo.  .And  as  ongir.oors,  you  know  better  t.nan  most  of  us  that 
building  power  olants  and  oil  refineries  takes  time,  as  does  .the  development  of 
every  (now)  energj'  source,  Ccr.sor~.~"t;  an  car,  b'uy  us  th-'f  time, 

■ Conservation  can  also  er.abue  us  to  c.eve.lop  tnese  rcso’urces  doiiberatel;)'’,  with 
the  least  possible  crn'ironmental  or  eccno.tlc  disimption.  “ 

The  comparison  of  inncrtar.le  should  not  be  between  the  diesel  and  the  V'arren 
Engine,  but  between  t-ue  conventional  engine  as  new  planned  for  the  irooediate  future 
and  t.ce  proposed  v.’arren  £.ngir.e,  and  then  later  bettreen  tiie  Warren  Engine  arid  the  Gas 
Turbine  and  Stirli.ng  Engines  being  considered  for  the  further  future. 
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As  has  bo&n  stated  fro:n  the  beginrdng  in  my  SAE  Paper  No.  6900^5,  and  in  oun 
Brochures  that  it-  is  expected  the  V/arron  Engine  can  aPtain  about  the  sane  economy 
in  the  utilization  of  petroleum  fuels  as  the  automotive  diesel,  particularly  in  stop 
and  go  light  load  oesration.  It  has  been  generally  anticipated  that  this  vill  be 
as  compared  to  the  "prechamcer  diesel”,  Tnat  is  this  prechar.ber  diesel  is  needed 
because  of  reduced  noise,  roughness,  and  odor  as  compared  to  the  direct  injection 
open  chamber  automotive  diesel  usually  used  in  the  larger  trucks,  despite  its 
being  about  1 0-^  less  economical  of  fuel. 

I trill  not  quarrel  trith  S'/,71*s  estimate  that  the  VJarren  Engine  vill  be  10 c 
poorer  than  such  a diesel  because  neither  they  nor  I can  calculate  tho  perfcrmancs 

closer  than  that.  I ackr.cvle'aged  this  on  Fig.  17  of  the  SAE  paper  v?nen  in  aaditicn 

to  plotting  the  ccr.parative  calculated  performance  at  steady  speed,  level  road  eper. 
- ation  at  from  30  to  ?0  mi/hr. ,I  also  made  a comparison  vith  tho  calculated  perform- 
ance of  the  Warren  engine  depreciated  10^,  and  both  compared  to  the  tost  performar.c-: 
of  a conventional  engine  cf  196?  vintage  before  its  dsoreciation  for  emission  con- 
trol, Even  on  this  depreciated  basis  I still  shenred  55'3  gain  in  ni/gal.  at  30  mi'h: 

36^  at  55  mi/kr,  and  at  ?0  mi/hr.  Ihe  statement  vas  made  that  the  lOt  reduct- 

ion in  economy  vas  considered  "because  of  uncertainties"  in  the  osculations,  and 
could  be  considered  because  the  gains  were  alread:;’  apparently  so  groat.  Kevever, 

I still  believe  that  -,rith  reasonable  development  this  proposed  engine  frill  equal 
the  automotive  diesel  on  an  energy  basis,  particularly  in.  stop  and  go  urban  dri'rinm. 

•Further  my  19^5  AS>3  Paper  No.  65/’.^A/A?C-1  , partially  reproduced  on  page  7 cf 
Brochure  A,  shears  a gain  between  the  conventional  Otto  Cycle  engine  and  the  auto- 
motive diesel  oh  a dupplica-ce  vehicle  of  1C0^  in  stop  and  go  low  milage  perday  cu':.-'- 
ing  in  rci/gal.  Ihe  literature  is  full  of  similar  data  including  some  advertismcr.tr 
of  Ford  Edesel  light  truck  conversions  from  conventional  engines  thuich  stated  that 
tho  diesel  conversions  used  one  half  the  gallons  per  mile  in  urban  driving  that  the 
conventional  engined  vehicles  used. 

Ihis  great  differe^e  is  largely  due  to  the  fact  that  the  convent! cna],  engine 
obtained  the  light  load  operation  by  throttling  the  inlet  air  vrhich  increases  the 
^frictional  losses",  a::d  that  it  frequently  enriches  the  mixture  by  partial  epo:- 
ation  of  the  "choke"  on  short  runs  betvresn  stops.  "Ihe  diesel  and  V/arren  engine  qc 
not  have  these  losses. 

Novr  bringing  this  comparison  between  the  diesel  and  conventional  Otto  engines 
up  to  date  vre  have  the  Schultz  (Perkins)  paper  iio.  76004-7(3  AE)  presented  at  the 
recent  Annual  Xeetingdsus  release  copy  enclosed)  which  shouts  a gain  in  miles  per 
gallon  of  automotive  -diesels  in  the  200  to  300  cu,  in.  dis,  sizes  of  1 to  1 
when  -asypcjatg.-j  vrith  re-~;listic  drivjr-t  cvclcs . ( Itiis  is  35'&  to  I50'i  at  suecds  of 
55  mi/nr,~”^rid  IcssV^^Eata  is  also  sheem  as  to  trip  frequency  times  the  length 
between  stops  from  i.dich  they  can  deduce  that  the  avex’age  notor  car  oesrates  in 
a region  in  vrhich  thegain  in  ni/ gal  is  apt  to  be  in  the  neiahborhcod  of  1 00'(  f cr 
summer  operation  and  probably, more  for  cold  weather  operation,  since  the  diesel, 
as  vrould  the  Warren,  operates  at  all  time  with  excess  air,  axjd  has  ho  "choke"  vrhicn 
causes  over-rich  uneconcmical  operation  under  mariy  conditions, 

«> 

Ibis. great  difference  is  frequently  dcnrcciatcd  by  sar^ing  that  .the  compariscr. 
is  not  fair  because  tho  diesel  of  the  sa.mo  displacement  does  not  have  the  rorfer."— ' 
ance  of  the  comparable  Otto  engine.  Ibis  is  not  true  if  the.diesol  has  an  erdiaust 
turbine  suoercharger. 


- Ibis  is  the  cc 
VO  can  come  close  to 
that  ve  ai'o  not  in  0 
automotive  passenger 


mr.arison  in  rerfor-ance  which  r.eed.s  to  be  made.  V/o  believe  that 
r.atcain.g  tne  r.cr.formance  of  tao  diesel  in  suen  service,  but 
cmpetilion  with  tho  diesel  because  it  is  not  a viable  alternative) 
and  lignt  truck  vehicles. 
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lh.e  reasons  that  the  autoT.otive  ‘diesel  is  not  a viable  alternative  power 

plant  for  the  above  is  that  in  addition  to  its  being  heavy,  rough  ninhing,  noisy, 
costly,  and  v;ith  difficult  cold  weather  starting  problems,  reliable  oil  ccnpar*y 
papers  indicate  that’  is  so  critical  of  specific  fuel  specifications  that  on3v-a 
fraction  cf  the  tot'll  autor.ctivc  r.ec  r coald  be  sucolisa  rriih  diesel  quality  fuel, 
(Se^S AS  750673  by  iexaco  researeners  iierney,  et  al,  and  page  7c5,  Par,  ^ J?L  Surjiary) 


Further  it  cannot,  so  far  as  I can  ascertain,  possiblj’-  nest  the  anticipated 
final  emission  levels  for  tiOx  wd-thout  excessive  fuel  injection  retard  with  the 
resulting  tconoxy  and  perforr.ance  degradation.  If  EGH  is  used  to  attempt  to  meet 
the  KOx  levels  required  similar  reductions  in  economy  and  performance  take  place 
and  in  addition  roughness  increases  and  CH  and  odor  increase,  I understand  catalytic 
converters' are  of  no  value  here  'oscauss  the  exhaust  temperatures  at  lovrer  speeds 
are  too  low,  as  is  also  the  CO  content,  and  that  the  necessary  chemical  conversions 
do’not  take  place,  - ■ ' . 

Ihe  proposed  V/arren  Engine  should  be  able  to  meet  the  Schultz  shown  gains 
of  35:^  to  150^  as  compared  to  the  conventior^  engines  no:'?  in  use  and  proposed  for 
the  immediate  future,  and  should  have  ’greater  gains  in  colder  weather  and  at  high 
altitude  locations,  under  these  conditions  the  10'c  poorer  performance  predicted 
by  SV(HI,  if -real,  should  be  of  academic  interest  only. 

In  addition  it  is  my  conviction  that  the  Warren  Engine  ^rill: 

1 ) have  a cost  nearer  that  of  the  conventional  engine  of  comparable  dis- 
placement than  to  the  cost  of  the  diesel. 

2)  be  able  to  meet  the  proposed  final  emission  standards  which  have  been 
set  up,  perhaps  ■'■.d.th  so'me  EGR  which  *d.ll  have  no  adverse  effect  on  smoothness  of 
operation, &drivability,  and  but  little  on  economy  or  maximum  capacity. 

3)  it  :ri.ll  have  a smoothness,  low  noise  level,  and  drivability  that  compares 

with  the  finest  present  day  conventional  multi-cylinder  engines,  even  ^rith  a low 
power  V-4  Warren  Engine  for  ligh^  cars.  . ’ 

4)  will  be  able  to  use  a broad’  boiling  range  fuel  independent  of  cetane  or 
octane  requirements  which  covers  a broader  spectrvai  of  fuels  than  gasoline,  which 
will  permit  more  gallons  of  fuel  for  transportation  needs  at  ’less  refinery  costs 
for  operation  and  new  facilities,  This  the  diesel  cannot  do. 


Such  an  engine  will  permit  meeting  the  triple  requirements  of  the  industry, 

1)  high  .ensrg;?  efficiency  on  cars  of  a weight  that  the  American  Consu:!:ers  have  in- 
dicated that  they  requii'e,  and  which  incidsntly  will  have  a greater  safety  than  will 
the  light  vehicles  new  proposed,  2)  Ic:?  emissions  combined  with  high  economy  and 
•performance,  and  3)  lower  manufacturing  and  tooling  change  over  costs  and  less  time 
for  suc'n.  required  than  are  presented  by  the  alternates,  namely  the  automotive 
diesel,  the  Gas  Xru.'’Dins,  or  the  Stirling  Engine, 


In  view  of  these  facts  I think  it  should  be  judged  that  the  Warren  Enrdne 
does  present  a stor.=:  incentive  tc  initiate  what  shc:ild  be  a low  risk  and  >lcw  cost 
development  pxo::ram,  and  one  in  whicn  t,ne  po  t-enaiallties  of  the  engine  can  ce 
detoriined  in  a ^ relativolv  short  time,  and  for  a lew  cost,  lo^CjcularXr?  as  compared 
to  the  alternatives  being  considerea. 


Sincerely 
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The  fuel  consunpcion  characteristics  of  the  Warren  Engine  willbe  similar  to  those 
for  the  Diesel  as  presented  in  Glenn  B.  Warrens'  ASME  Paper  65/W’A/APC-I  "Some 
Factors  Influencing  Motorcar  Fuel  Consumption  in  Service".  However  the  rcanj'  disad- 
vantages of  the  Diesel  which  have  prevented  its'  widespread  adoption  in  automobiles 
d- other  light-weight  vehicles  will  not  be  present  in  the  Warren  Engine. 


files 


per  Gallon  Fuel  Consumption  versus  Miles  Per  Day  Vehicle  Operation  for  Six 
Representative  Automobiles  During’ Typical  Year-Round  Driving.  ' 


This  diagram  indicates,  clearly,  the  great  difference  between  the  fuel  con- 
runiption  characteristics  of  the  Diesel  engine  and  t’tiose  of  conventional  - i.e.  , 
park- ignited , ca rburetor- fed , air- throttled  engines  especially  when  operated 
DOut  TWERIY  MII£S  PER  DAY,  which  is  average  for  most  privately  owned  automobiles, 
he  data  within  the  envelopes  comprise  hundreds  of  points  from  more  than  100,000 
J.les  of  year-around  driving  in  Worth.eo stern  U.S.A,  The  miles  per  day  information 
as  obtained  by  alv;ays  completely  filling  the ’’gasoline  tanks  and  recording  the 
ates,  gallons  required  and  odometer  readings  at  each  filling. 


Note  that,  at  only  8 miles  per  day,  the  Diesel  still  shows  excellent  miles 
-or  gallon  even  in  winter.  It  is  expected  that  the  W’arren  engine  will  duplicate 
.nis  low  sped f ic- tuel-consumption  since  among  its  other  .advantages  it  does  not 
3ve  a choked-carburecor . The  outstandingly  good  low-fuel-consumption  of  .the  Warren 
ngine  durinc  st.op-and-go  driving  will  thus  conserve  our  energy  supplies  and  at 
>e  same  time  meet  the  197 S Ai-r  Pollution  standards. 
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Critique  by 


Marcus  Lothrop 
1150  Alcoa  Building 
San  Francisco,  CA  94111 
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MAR.CUS 

ROBERT 


LOTHROP 
C WEST 


LOTHROP  S WEST 

ATTORNEYS  AT  LAW 


PATENTS 

TRADEMARKS 


1150  ALCOA  BUILDFNG 
SAN  FRANCISCO  94111 
(415)  986-5833 


5SS  CAPITOL  MALL 
SACRAMENTO  95814 
(916)  444-5412 


December  22,  1975 


File:  3705-S^ 

Jet  Propulsion  Laboratory 
California  Institute' of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

Attention:  R.  Rhoads  Stephenson 

Gentlemen: 

I am  particularly  grateful  for  the  receipt  of  both  volumes 
of  your  report  "Should  We  Have  a New  Engine?,  etc.".  This 
is  indeed  a foirmidable  work,  and  I have  not  finished  it 
yet  in  detail  but  have  seen  enough  to  extend  my  compli- 
ments to  you  not  only  for  the  extraordinarily  comprehensive 
nature  of  the  report  but  particularly  for  the  sharp  deci- 
sions in  the  field  I know,  the  Rankine  cycle  engine. 

I noted  in  the  authorization  that  certain  copies  were  to 
be  furnished  free  whereas  others  were  to  be  supplied  at 
cost.  I inquire  into  which  class  my  copies  fall. 

I may  take  the  liberty  of  addressing  you  further  when  I 
have  been  able  to  make  a more  thorough  study  of  the  appre- 
ciated volumes . 


Sincerely  yours. 


ml/cm 
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Critique  by 

United  Turbine  AB  and  Company 
N.  Grangesbergsgaten  18 
2140  Wlalmo,  Sweden 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91 103 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


Re:  34LPE-77-201 

June  29,  1977 


Professor  Sven-Olof  Kronogard 
United  Turbine  AB  & CO 
Kommanditbolay 
N.  Grangesbergsgaton  18 
2140  Malmb , Sweden 

Dear  Professor  Kronogard: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

In  reply  to  your  letter  and  the  very  informative  memorandum  enclosed  with  it,  we 
want  to  first  explain  the  restructuring  of  our  work  and  the  plan  for  responding 
to  the  subject  critiques.  A summary  of  our  reoriented  program  is  enclosed  for 
that  purpose. 

We  find  the  Kronogard  Three-shaft  Turbine  (KTT)  concept  to  offer  much  promise 
(1)  by  virtue  of  the  inherent  capability  of  a turbine  to  function  in  the  role  of 
a torque  converter;  and  (2)  by  providing  more  efficient  recovery  of  those  losses 
which  are  primarily  responsible  for  the  poor  fuel  economy  of  the  gas  turbine  when 
operated  under  off-design  and  transient  conditions.  Based  upon  the  information 
available  to  us,  it  appears  that  the  KIT  concept  offers  significant  improvements 
in  part  load  economy,  response,  engine  length,  weight,  and  cost  compared  with  a 
two-shaft  engine  that  depends  on  an  external  hydraulic  torque  converter. 

In  our  view  the  basic  advantages  of  the  Kronogard  approach  are  that  the  full  stop 
and  torque  conversion  capability  of  a two-shaft  engine  can  be  retained  while 
simultaneously  solving  the  problems  of  gasifier  inertia  and  accessory  drive  power 
take-off.  By  "driving  the  accessories  off  the  auxiliary  turbine,  which  is  in 
motion  all  the  time,  you  enable  the  power  turbine  to  accommodate  a full  stop  and 
without  having  to  be  disconnected  during  idling. 

With  regard  to  the  torque  balanced  coupling  of  the  auxiliary  turbine  with  the 
gasifier  and  the  power  turbine,  you  enable  the  turbine  designer  to  distribute  the 
expansion  as  necessary  for  design  optimization.  The  power  of  the  auxiliary  tur- 
bine can  be  shifted  between  the  power  and  the  compressor  turbine  during  operation 
by  means  of  relatively  cold  variable  guide  vanes  at  the  auxiliary  turbine  inlet. 

A potential  problem,  of  course,  is  that  of  system  stability.  The  major  components 
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of  two-shaft  turbines,  such  as  represented  by  the  gasifier  and  the  power  turbine/ 
vehicle  drivetrain  combination,  are  inherently  stable.  The  combination  of  two  or 
more  major  system  components  linked  together  through  differential  gears  introduces 
the  possibility  of  internal  power  feedbacks  resulting  potentially  in  internal 
power  fluctuations  and  instability. 

Regarding  the  trend  to  higher  compression  ratios,  two-stage  compression,  and  the 
use  of  recuperative  heat  exchangers,  the  capability  of  the  KTT  concept  to  equalize  . 
internal  power  changes  and  flow  discontinuity  may  be  helpful  in  resolving  some  of 
the  problems  associated  with  the  off-design  operations  of  high  compression  Brayton 
engines . 


Through  the  mechanism  of  the  Technical  Task  Summaries  (TTS)  as  described  in  the 
enclosure  we  will  address  the  KTT  and  other  advanced  gas  turbine  engine  concepts  in 
detail.  During  the  execution  of  the  Brayton  assessment  activity  we  will  be 
especially  interested  in  further  discussions.  Your  cooperation  is  greatly 
appreciated. 


H.E.  Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HECrnrw 


Enclosure 
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UNITED  TURBINE  AB 

& CO,  KOMMANOITBOLAG 


VIrt  tfil« 

April  30,  1976 

(ft  tff tvm>Y9l.f  <lAt8 


Vdrt«^cckAir>9  Ouf  • _»• 

OT  22.191  SOK/se 

Er  ^iccfcAing  Your  re'cicf'tn 


V^tunaijggift/OorecAiaet«m8i>  ^ 


Mr  R Mercure 

U.S,  Energy  Research  and  Developr.en 

Administration 

Beat  Engine.  Systems  Branch 

Division  of  Transportation  Energy 

Conservation 

20  Massachusetts  -Avenue,  N.W, 

Washington,  D.C,  20545 

USA 


I 


! 

i 


Dear  Mr  Mercure; 


As,  a. complement  to  my  letter  of  March  17,  I hereby  enclose 
some  comments  as.  regards  the  manufacturing  cost  of  diffe-  « . 
rent  gas  turbine  engine,  including  the  3-shaft  KTT-system^ 

I also  refer  to  a summary  of  the  KTT-system  which  will  be 
printed  in  the  next  ERDA  Quarterly  Report,  if  you  need  any 
further  information  please  let  me  know. 


Sincerely  yours 

''J 

Sven— Olof  Kron^gard 


i 

I 


'•Automotive  Turbine  - Advantages  of  Three  Shaft 
Configuration,  ” Gas  Turbine  International, 
November-December  1975. 


I 
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Manufaturing  cost  of  a three  shaft  automotive 
gas  turbine  power  plant  ~ KTT~ system, 

In  the  report  by  JPL, "Should  we  have  a new  engine" 
a cost  comparison  is  made  between  a single  shaft  and 
a two  shaft  gas  turbine.  As  we  have  stated  before 
this  is  a misleading  comparison  for  the  2-shaft  gas 
turbine  for  the  follow5.ng  reasons: 

The  cost  and  weight  of  the  turbine  parts  of  the  2-shaft 

■ 4 

engine  is  much  overestimated  mainly  because  the  calcula- 
tion has  been  made  with  a very  badly  designed  2-shaft 
engine  as  foundation.  (The  compressor  turbine  rotor 
and  the  transmission  duct  weights  and  costs  are  far 
too  high) .Reference  our  letter  of  March  17,  1976. 

We-.consider  it  is  possible  to  manufacture  the  2-shaft 
turbine  power  plant,  i'.e.  including  transmission,  cont- 
rols and’  auxiliaries  for  less  cost  than  the  single  shaft 
engine-  if  both  engines  have  the  same  level  of  technology 
and  cost  optmization. 

I 

Two  further  emphasize  this  trend  we  have  made  a compari- 
son between  the  calculated  cost  of  our  KTT-system  with 
3 turbine  stages  and  the  cds-t  calculated  made  by  VJilliam 
Research  in  1973  on  the  WRC  2-shaft  engine.  The  cost  cal- 
culation has  been  carried  out  in  the  same  way  for  the 
two  engine  types. 
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This  comparison  shows  that  the  KTT  3-shaft  gas  turbine 
including  the  integrated  transmission  would  cost  about 
the  same  as  the  2-shaft  gas  turbine  to  which  then  of 
course  has  to  be  added  the  cost  of  an  automatic  trans- 
mission. 

KTT  WRC 

. 3 shaft  GT  2 shaft  GT 

. Engine  + auxiliaries  226'  220 

Automatic  transmission  - XlSO 

■226 

1)  Is  integrated  in  the  engine. 

2)  Three  stage  automatic  v/ith  torque  converter. 

The  total  cost  for  the  turbine  wheels  are  $ 32.70 
for  the  KTT  engine  and  $ 36.60  for  the  2 shaft  engine. 
The  wheels  are  cheaper  in  the  3 shaft  case  because  for 
the  same  total  turbine  power  the  diameter  and  thus  the 
weight  of  the  v/heels  can  be  made  smaller  with  3 turbi-. 
nes  compared  to  2. 
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UNITED  TURBINE  AB 

& CO,  KOMMANDITBOLAG 


Varr  datum^Our  dale 

March  17,  1976 

E'l  ':?tjm'Yjur  dale 


Var  beleckning  Our  relerence 

UT  22.172  SOK/iba 

Ef  beteckmng  Your  relerer'ce 


Dr  R Rhoads  Stephenson 
Jet  Propulsion  Laboratory 
Automobile  Power  Systems  Evaluation 
Study 

handi.i9gpie  Our  coniart-man  California  Institute  of  Technology 

4800  Oak  Grove  Drive, 

Pasadena, 

California  91103  USA. 


Dear  Dr  Stephenson: 

Thank  you  very  much  for  sending  me  copies  of  your  two 
volume  report,  "Should  we  have  a nev/  engine?  An  automo- 
bile power  systems  evaluation."  This  report  has  stimu- 
lated much  interest  not  only  in  my  organization. 

In  my  personal  opinion,  this  report  represents  a very 
outstanding  and  comprehensive  effort  on  this  subject. 

In  our  review  of  the  report,  we  came  across  a few  but 
impor,tant  questions,  which  are  listed  in  the  attached 
memorandum. 

As  regards  the  gas  turbine  evaluation  I think  you  should 
not  overlook  the  3-shaft  configurations  of  the  KTT-type, 
For  your  information  I have  enclosed  a copy  of  ray  recent 
paper  "Automotive  turbine  - advantages  of  three  shaft 
configurations",  a summary  of  which  will  be  enclosed  in 
the  next  ERDA  quarterly  report.  Further  information  on 
the  KTT-system  will  be  furnished  to  ERDA  for  updating 
of  your  JPL-report. 

I appreciate  the  opportunity  to  review  and  comment  on 
your  report.  I hope  these  few  comments  will  be  helpful 
to  you  in  preparing  the  supplementary  report  on  your  in- 
vestigations. If  there  is  need  for  further  clarification 
on  these  points,  please  do  not  hesitate  to  contact  me. 

Of  course  you  are  most  wellcOrae  to  visit  us  in  Malmo  for 
further  information  as  regards  our  turbine  systems  for 
updating  of  your  JPL-report. 


Enel.  Memorandum 

Automotive  turbine- advantages  of  3-shaft  config. 


cc. 

Mr.  R.  Mercure.  ERDA.  Wash. 

Po&tadread/Poslal  address 

Tolofonnr/Tclcphone 

Tel  eg  ramadress/ Cable 

Telex 

Bankgiro/Bank 

Poslgiro7Posl 

N.  Grangesbergsgetan  18 

cheque  accoun! 

cheque  accourit 

214  50  MALMO  SWEDEN 

040-801 60 

lurboab  malmo 

32420  TURBOAB  S 

434-0550 

62  9t  12-4 
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MEMORANDUM 


Subject:  Critical  comments  relative  to  important  elements 
of  JPL  report  "Should  we  have  a new  engine?  An 
Automobile  power  systems  evaluation . " 


The  subject  investigation  is  a very  broad  and  comprehensive 
treatment  of  a difficult  subject.  Because  of  its  potential 
influence  on  important  future  developments,  a number  of 
critical  comments  and  questions  are  listed  here  for  consi- 
deration and  future  clarification. 

These  are  submitted  in  accordance  with  the  request  of  ERDA 
as  a result  of  verbal  comments  offered  by  Professor 
S 0 Kronogard  at  -the;  contractors  coordination  meeting,,  which 
ERDA  held  at  Ann  Arbor ,' November  1975. 


I . Closed  cycle  engines 

We  agree  with  your  comments  in  the  JPL-report  disposing 
of  closed  cycle  Brayton  machines  for  automobiles,  quoted 
as  follows: 

"In  principle,  both  open-  and  closed  cycle  Braytons  could  be 
used  in  automotive  applications.  With  current  technology 
and  foreseeable  developments,  however,  there  is  little 
to  recommend  the  closed-cycle  engines.  They  offer  no 
significant  performance  or  efficiency  advantage  over 
well-designed  open-cycle  machines,  and  yet  are  heavier 
and  much  more  complex  by  virtue  of  the  multiplicity  of 
flow  paths  and  heat  exchangers  that  must  be  provided. 
These  practical  considerations  bar  the  closed-cycle 
machine  from  the  low-cost,  high  production-volume  automo- 
tive engine-miliieu . " 

There  is.  justification  to  extend  these  conclusions  to 
other  -closed-cycle  engines  also  such  as  Rankine  systems 
and  Stirling  systems  for  the  same  reasons.  Correction  of 
the  weight  figures  discussed  below,  further  supports  this 
suggestion. 


II  Weight  and  fuel  cons\jmption  comparison  between  mature 
single  and  two  shaft  gas  turbines 

Concerning  the  turbine  wheel  weight  for  the  mature  single 
shaft  4:1  pressure  ratio  machine  {4,1  lbs  in  table  5-4)  it 
is  hard  to  understand  that  the  gasifier  turbine  wheel  in 
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the  free-turbine  (two  stages)  mature  machine  (4.7  lbs  in 
table  5-5)  weighs  more  when  -it  operates  at  about  half 
pressure  ratio.  Further,  it  is  not 'suitable  to  use  a 
radial  turbine  for  a low  pressure  ratio  (4;1)  two  shaft 
engine  since  the  inlet  scroll  and  nozzle  ring  becomes 
unproportional ly  large  and  the  transient  duct  between  a 
radial,  and  axial  stage  distor,ts  the  design  and  causes 
unacceptable  size,  weight  and  cost  penalties. 

A two  stage  axial  turbine  is  the  logical  arrangement  for 
a low  pressure  ratio,  two  shaft  machine  (see  attached 
schematic  sketches,  which  are  approximately  to  scale  for 
comparative  purposes,  fig  1 and  2) . 

If  you  thus  assume  a 2-shaft  engine  based  upon  2 axial 
stages,  this  engine  will  have  a weight  about  the  same  as 
the  single  shaft  engine  and  thus  the  same  power  require- 
ment in  the  car.  t 

Furthermore  d 2-sha£t  turbine  and  with  variable  turbine 
nozzles  will  have  _a  lower  fuel  consumption  and  emission 
at  low  load  than  a single  shaft  engine  (lower  inertia, 
more  efficient  torque  conversion  and  heat  loss  recovery) . 

This  together  with  the  less  complicated  transmission  needed 
(better  torque  characteristic)  should  give  the  car  with  a 
two  shaft  turbine,  a better  fuel  consumption  and  over  all 
economy  than  the  same  car  with  a single  shaft  engine. 


Ill  Weight  and  fuel  consumption  comparisons  of  Stirling,  Otto 
and  diesel  engines 


For  the  mature  Stirling  engine,  the  cylinder  block  assembly 
is  made  of  aluminium  alloy  and  weighs  112  lbs  (table  6-3, 
page  6-18) . The  cross  head  blocks  and- the  high  pressure 
block  account  for  96  lbs  of  this  total.  Why  is  aluminium 
used  for  this  highly  stressed,  high  quality  part  (pressure 
200-250  atmosphere)  when  for  the  mature  Otto  cycle  engine 
the  head  and  block/housing  is  of  ferrous  material.  If  steel 
was  used  for  the  Stirling  (90-100  lbs  more  weight)  and 
aluminium  were  used  for  the  Otto  cycle,  a logical  choice 
practically  proven,  the  difference  would  be  more  like  300- 
400  lbs  in  favour  of  the  Otto  cycle  for  the  same  power. 

This  was  just  one  example  to  show  why  we  think  you  have 
assed  the  weight  of  the  Stirling  engine  too  optimistic. 

We  can  see  no  possibility  that  a.  complex  closed  cycle 
system  like  the  Stirling  system,  could  be  made  lighter  in 
weight  than  the  diesel  engine  with  automotive  manufacturing 
and  cost  practice.  We  suggest  you  look  further  into  this 
matter  because,  as  we  see  it,  this  part  of  the  foundation 
on  which  you  build  your  favourable  picture  of  the  Stirling 
engine. 
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If  yoli  assume  the  same  weight  as  the  diesel  engine  the 
Stirling  engine  powered  compact  vehicle  would  need  131  hp 
instead  of  99  according  to'  your  calculation. 

This  would  affect  as  well  the  cost  of  the  powerplant  as 
the  fuel  consumption  of  the  Stirling  powered  car  drasticly. 

The  complexity  of  the  Stirling  engine,  its  heat  exchangers 
and  controll  system  (closed  cycle  machine)  is  a factor 
which  should  receive  much  more  attention  and  have  a 
stronger  influence  on  the  conclusions  drawn  from  the 
investigation . 


Sven-Olof  Kronogard 


Radial  Single-Shaft  and  Radial-Axial 
Two- Shaft  Engine  Schematics  (Penalties 
in  D and  L Dimensions) 


Fig,  2 Two-Stage  Axial  Arrangement  for 

Both  Single-  and  Two-Shaft  Engines 
(Penalties  Minimized)  • 
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National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Power  Systems  Division 
Cleveland,  OH  44135 

and 

Response  by 
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Pasadena,  CA  91103 


• 31-1 


JET  PROPULSION  LABORATORY  Califotma  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-187-30 

June  29,  1977 


Mr.  Donald  G.  Beremond/5200 
Power  Systems  Division 
Lewis  Research  Center 
National  Aeronautics  and 
Space  Administration 
Cleveland,  Ohio  44135 

Dear  Don: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

We  appreciate  the  in-depth  review  you  performed  on  the  subject  study.  The 
many  points  you  made  on  the  Brayton  engine  will  be  very  helpful  on  our  fol- 
low-on work  which  is  summarized  in  the  enclosure.  We  are  assessing  several 
of  the  points  which  you  brought  up,  and  they  will  be  included  in  an  appro- 
priate Technical  Task  Summary  along  with  related  points  from  other  reviewers. 

We  are  looking  forward  to  a continuing  interchange  of  information  and  ideas 
with  you  on  alternative  automotive  engines. 


HEC:nrw 
Enclosure  (1) 
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NATIONAL  AERONAUTICS  AND.  SPACE  ADMINISTRATION 
LEWIS  RESEARCH  CENTER 
Cleveland.  Ohio  44135 
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f?EPLY  TO  „ 

ATTN  OP:  5200 

TO: 

Jet  Propulsion  Laboratory 
Attn:  G‘.  W.  Me  i sen  holder 

FROM: 

5200/Donald  G.  Beremand 
Power  Systems  Division 

SUBJECT:  Review  of  JPL  Automotive  Power  "Systems  Evaluation  Report 


As  you  know,  vie  have  a substantial  interest  in  the  automotive  gas 
turbine  area.  We  are  currently  supporting  ERDA  in  the  ongoing 
Chrysler  gas  turbine  engine  effort,  and  are  planning  a major  ef- 
fort, in  support  of  ERDA,  for  an  advanced  automotive  gas  turbine 
engine.  We,  therefore,  found  your  APSE  report  of  great  interest 
and  have  had  the  gas  turbine  section.  Chapter  5,  reviewed  by  some 
of  our  system  and  component  experts  relative  to  their  areas  of  ex- 
pertise. 

Overall  we  believe  the  report  presents  an  adequate  comprehensive 
evaluation  of  the  automotive  gas  turbine  engine,  its  potential 
benefits,  and  its  problems.  The  following  is  a summary  of  the  com- 
ments of  our  reviews. 


Overall  System  and  Cycle  Analysis 

The  engine  analysis  presented  in  the  report  relied  heavily  on  engine 
performance  information  generated  by  Ai Research  in  previous  paper 
studies.  This  had  the  effect  of  limiting  the  scope  to  engine  cycles 
evaluated  by  AiResearch,  and  of  carrying  over  some  of  the  optimism 
inherent  in  the  AiResearch  results  to  the  JPL  effort.  Further,  this 
optimism  v/as  amplified  by  some  of  the  assumptions  made  in  the  report 
in  regard  to  advanced  engine  performance  projections.  As  a result, 
for  the  specific  configurations  and  cycle  conditions  selected  we  es- 
timate that  the  fuel  economies  projected  for  the  mature  and  advanced 
engines  are  optimistic  by  about  10%  and  30?^  respectively.  However', 
considering  possible  modifications  of  the  configuration  and  adjust- 
ments in  cycle  state  points,  such  as  those  cited  below,  the  fuel 

economy  presented  for  the  Advanced  System  is  still  considered  to  be 
a reasonable  projection. 
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The  choice  of  a 4;1  design  pressure  ratio  for  the  Advanced  System 
can  be  questioned.  Although  the  cycle  efficiency  peaks  at  4:1  in 
figure  5-3  (a),  this  is  for  1900°F  and  not  2500°F.  The  optimum 
pressure  ratio  increases  with  increasing  temperature  as  well  as 
with  increasing  component  efficiencies.  Further,  an  increase  in 
design  pressure  ratio  is  desirable  in  order  to  increase  the  much 
lower  pressure  ratio,  and  associated  poor  performance  at  part 
power.  The  report  discussed  regenerator  temperature  limits;  how- 
ever, the  results  do  not  appear  to  include  such  limits.  It  is 
likely  that  proper  consideration  of  regenerator  temperature  con- 
straints would  have  lov/ered  engine  performance  levels  and  also 
have  led  to  selection  of  a higher  compressor  pressure  ratio  for 
the  250QOF  engines. 

The  study  apparently  has  not  considered  the  possible  advantages,  ’ 
in  terms  of  engine  performance,  of  a single-shaft  gas  turbine  en- 
gine with  completely  variable  geometry.  That  is,  an  engine  with 
variable  inlet  guide  vanes,  variable  compressor  diffuser  vanes, 
and  variable  turbine  nozzles.  Such  an  all-variable  engine  concept 
appears  to  be  a highly  attractive  candidate  for  the  advanced  auto- 
motive gas  turbine  and  merits  evaluation  in  any  future  studies  of 
the  automotive  gas  turbine.  .It  should  be  noted  that  control  of 
such  an  all-variable  engine  concept  may  be  quite  complex  and  could 
require  a sophisticated  control  system  to  provide  the  desired 
combinations  of  settings  over  the  required  range  of  steady-state 
and  transient- conditions. 

In  the  description  of  engine  analysis,  it  is  not  clear  how  fuel 
consumptions  were  derived  from  the  AiResearch  engine  maps.  Com- 
pressor efficiency  adjustments  for  horsepower  less  than  100,  and 
engine-accessory  power  needs  are  not  included  in  these  AiResearch 
maps. 

We  agree  with  the  Otto  Equivalent  Engine  approach  taken  in  compar- 
ing alternate  engine  concepts;  however,  consideration  should  be 
given  to  hot-day  performance.  The  report  only  presented  gas  turbine 
performance  for  an  85°F  day.  It  is  assumed  this  is  also  true  for 
the  other  engine  concepts  presented.  To  date,  automobile  design 
horsepower  has  been  established  by  hot-day  performance.  The  effect 
of  ambient  conditions  on  engine  performance  is  different  for  dif-  . 
ferent  engine  concepts.  In  addition,  approaches  to  power  augmenta- 
tion differ  from  one  engine  concept  to  another.  Therefore,  it  would 
appear  that  a more  realistic  approach  to  defining  OEE  vehicles  would 
be  to  do  so  based  on  hot-day  performance. 
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Turbines  and  Connoressors 


Some  of  the  turbine  and  compressor  efficiencies  in  Table  .5-2  are 
rather  high;  hoivever,  these  are  for  the  simple  cycles,  which  are 
not  the  recommended  selections.  It  is  recognized  that  these  may. 
have  been  intentionally  set  high  to  give  the  simple  cycle  systems 
all  possible  consideration.  For  the  Mature  and  Advanced  regener- 
ated systems,  the  efficiencies  are  optimistic,  but  not  necessarily 
unachievable.  The  use  of  one  particular  map  (figure  5-10)  to  rep- 
resent the  efficiency  characteristics  of  all  the  radial  turbines 
studied  for  the  Mature  system  is  .questionable.  The  use  of  a small- 
size  efficiency  penalty  for  compressors  but  not  for  turbines  is  in- 
consistent. Also,  it  should  be  recognized  that,  in  design  of  a 
real  machine,  turbine  and  compressor  efficiencies  are  not  entirely 
independent.  The  specific  heat  ratio  of  1.35  used  for  the  turbine 
is  a little  high;  values  should  be  about  1.32  and  1.30  for  the  Mature 
and  Advanced  systems,  respectively. 

Combustors 


In  general,  the  report  is  quite  factual  and  does  a good  job  of  bring- 
ing out  both  the  good  and  the  bad  points  in  regard  to  gas  turbine 
engine  combustors  for  automotive  application. 

As  stated  in  the  report,,  the  variable  geometry  premixing/prevaporizing 
combustor  is  one  promising  approach  for  meeting  the  low  NO^  emission 
requirements  in  the  automotive  gas  turbine  engine.  However,  while  the 
effectiveness  of  the  basic  concent  has  been  demonstrated,  a large 
amount  of  work  is  needed  to  perfect  the  controls  necessary  for  the 
variable  geometry,  to  develop  a sensing  device  and  an  intelligence  to 
operate  the  variable-geometry  controls,  and  finally  to  incorporate 
this  into  the  overall  fuel  control  system.  The  constant  changes  in 
speed  and  power  typical  of  the  Federal  Urban  Driving  Cycle,  with  its 
accompanying  transient  modes,  further  complicate  the  problem. 

Another  approach  which  should  be  considered  for  the  Advanced  system, 
where  adequate  development  time  is  available,  is  the  catalytic  combustor. 
While  the  technology  for  such  combustors  is  still  very  limited,  the  test- 
ing of  candidate  catalytic  bed  materials  indicates  an  excellent  potential 
for  extremely  low  emissions  of  HC,  CO,  and  NOx. 

In  regard  to  the  ceramic  combustor  liners  necessary  for  the  Advanced 
Engine  at  2500QF,  it  should  be  pointed  out  that  they  may  also  become 
a critical  item  even  at  somewhat  lower  temperatures  for  the  following 
reasons: 
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a.  The  trend  tov/ard  operation  at  very  lean  primary-zone 
equivalence  ratios,  necessary  to  achieve  low  NOx  levels,  reduces 
the  amount  of  air  available  for  liner  cooling. 

b.  If,  because  of  availability  problems,  fuels  high  in 
aromatic  content  were  to  be  used  in  gas  turbine  engines,  problems 
with  liner  cooling  would  most  certainly  be  aggravated  because  of 
increased  radiation  from  the  highly-luminous  flames. 

While  it  is  true  that  "The  gas  turbine  engine  has  a multi -fuel 
capability",  there  are  certain  qualifications  that  should  be 
noted.  As  pointed  out  above,  fuels  high  in  aromatic  content  tend 
to  give  problems  with  liner  cooling  and  also  with  smoke  formation. 
(In  automotive- type  combustors,  smoke  is  generally  not  a problem 
because  of  the  lean  primary-zone  mixtures  needed  to  suppress  HOx 
formation.)  Additionally,  heavy  fuels  v/ith  final  boiling  points 
considerably  higher  than  #2  diesel  fuel  may  present  problems  with 
fuel  vaporization  and  hence  high  HC  and  CO  emissions.  Finally, 
fuels  with  high  fuel -bound  nitrogen  content  (such  as  those  derived 
from  coal  and  oil -shale  syncrudes)  may  present  severe  NOx  problems 
because  of  the  high  conversion  rate  of  fuel -bound  nitrogen  to  NOx. 

Transmissions 


No  disagreement  was  found  with  the  major  findings  reported  in  terms 
of  transmission  requirements  and  the  suitability  of  conventional 
and  advanced  transmission  components  for  automotive  gas  turbine 
engine  applications.  Since  little  quantitative  data  or  detailed  de- 
sign information  appeared  in  the  transmission  section,  it  is  not 
possible  to  comment  on  any  of  the  performance  proj'ections  associ- 
ated with  the  various  engine-transmission  combinations.  One  ob- 
servation is  offered  in  regard  to  the  variable-angle  stator  torque 
converter  in  combination  with  a three  or  four-speed  automatic  gear- 
box suggested  for  the  single-shaft  engine.  The  torsional  softness 
(slip)  of  the  torque  converter  may  make  it  difficult  to  maintain  a 
desired  speed  ratio  across  the  transmission  without  a rather  sophis- 
ticated control  system. 

Regenerative  Heat  Exchangers 

Selection  of  a regenerator,  rather  than  a recuperator,  for  the  Mature 
engine  is  certainly  the  logical  choice,  considering  their. relative 
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development  status.  However,  for  the  Advanced  engine,  where  more 
time  is  available  for  fabrication  development,  serious  considera- 
tion should  be  given  to  the  use  of  a recuperator.  The  seal  leak- 
age inherent  in  the  regenerator  can  represent  a significant  per- 
formance penalty,  and  regenerator  seal  life  and  durability  can 
be  expected  to  present  continuing  difficulties  with  the  desired 
low  leakage  rates.  (The  assumed  leakage  is  3%  for  the  Mature  and 
Advanced  configurations  at  regenerator  temperatures  of  1800°F 
(Mature)  and  2000°F  (Advanced)).  These  inherent  problems  provide 
substantial  incentives  for  development  of  the  recuperative- type 
heat  exchangers.  It  is  believed  that  the  desired  effectiveness 
could  likely  be  achieved  in  a ceramic  recuperator.  However,  a 
substantial  effort  may  be  required  to  develop  the  necessary  fab- 
rication technology  and  techniques  required  to  make  such  a unit 
practical.  Further,  heat  exchanger  fouling,  from  dirt  in  the  in- 
coming air  supply,  may  be  a more  difficult  problem  with  recuperators 
considering  the  more  complex  flow  paths  and  unidirectional  flow 
conditions  compared  to  the  regenerator. 


Materials 


One  area  of  concern  not  discussed  in  the  report  relates  to  the  large 
volume  production  of  ceramic  components  for  automotive  use.  Demand- 
ing high  volume,  high  technology  production  from  the  ceramic  industry, 
which  currently  is  very  limited  in  tonnage  capability- and  in  trained 
highly  technical  personnel,  will  require  .a  gross  departure  from  their 
historic  position  of  producing  low  technology  items  such  as  white  ware 
and  refractories. 

The  follovdng  comments  are  offered  in  regard  to  the  discussion  in  the 
report  of  ceramic  fabrication  processes. 

The  report  indicates  that  with  hot  pressing  SiC  and  Si^N4  parts  can 
only  be  made  one  at  a time.  Admittedly,  hot  pressing  is  much  slower 
than  the  cold  press  and  sinter  route;  however,  the  use  of  multiple 
die  cavities  is  a viable  approach.  Thus,  there  is  a hot  pressing 
process  that  could  be  automated  for  mass  production.  Furthermore, 
development  is  currently  being  done  on  hot  pressing  to  near  net  shape 
which  would  minimize  component  machining. 
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One  process  for  low-cost  mass  production  of  ceramic  parts  not  men- 
tioned in  the  report  is  REPEL.  This  process  involves  the  forma- 
tion of  Sic  plus  carbon  shapes  by  slip  casting  or  injection  mold- 
ing follov/ed  by  impregnation  with  silicon.  The  resulting  parts 
have  excellent  strength  up  to  the  melting  point  of  silicon  which 
is  about  1400°C, 

Regarding  advanced  ceramic  processes,  it  seems  unrealistic  to  state 
that  there  is  no  reasonable  basis  for  projecting  significant  ad- 
vancements if!  CVD  SiC.  It  is  true,  however,  that  the  process  is  a 
long  way  from  even  approaching  viability  in  mass  production.  Also, 
the  point  seems  to  have  been  missed  regarding  the  advantage  of 
SiAlON's.  Their  development  is  important  from  the  standpoint  of 
their  reported  ease  of  fabricabil ity,  not  their  higher  use  tempera- 
ture capabilities,. 

Some  reservations  should  be  stated  regarding  the  assumption  that  un- 
coated superalloys  could  be  used  with  TIT  temperatures  of  1900°F. 
Coatings  may  be  required  at  least  in  the  turbine  nozzle  since  less 
than  perfect  combustion  pattern  factors  usually  result  in  local 
metal  temperatures  exceeding  the  average  inlet  gas  temperature.  Also, 
contrary  to  the  authors'  statements,  coating  of  superalloys  generally 
will  improve  low-cycle-fatigue  resistance.  Finally,  coatings  may  be 
required  to  inhibit  hot  corrosion  that  is  likely  to  occur  due  to  the 
use  of  road  deicing  compounds. 

• The  followin^typographic  errors  were  also  noted. 

Subscript  " g " in  equation  (12)  should  be  "b  " 

The  exponent  " ^ " in  equation  (13)  should  be  " f " 

Labels  B and  C on  the  curve  in  Figure  5-3  (a)  are  reversed 


Donald  G,  Beremand 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4S00  Oak  Grove  Drive,  Pasadena,  California  91103 

RE;  34LPE-7 7-170-32 

June  29,  1977 


Mr.  Paul  Huber 
500  South  Highland 
Dearborn,  MI  48124 

Dear  Mr.  Huber: 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  have  been  asked  by  ERDA  to  respond  to  each  letter  submitted  in  the  form  of 
a critique  of  the  subject  report.  Background  information  is  presented  in  the 
enclosure  to  clarify  the  reorientation  and  restructuring  of  our  automotive 
technology  work. 

The  first  point  made  in  your  letter  addressed  the  question  of  adequate  lead 
time  necessary  to  produce  by  1985  an  alternate  engine  having  performance  and 
economy  equal  to  or  better  than  the  Otto  engine,  and  which  would  meet  the 
Federal  emissions  standards  of  0.41  HC,  3.4  CO,  0,4  NO  gm/mi.  The  lead  times 
between  the  concept  of  a new  engine  and  production  version  as  used  in  the  sub- 
ject report  were  developed  in  part  with  the  auto  manufacturers,  but  require  an 
operating  mode  other  than  "business  as  usual".  The  Synthesis  chapter  addresses 
the  question  of  significantly  altered  incentives  including  fund  sharing.  To 
meet  the  time  scal^ih  the  study  requires  a national  commitment,  the  absepce 
of  which  would  make  the  1985  data  unlikely  of  fulfillment. 

The  production  date  for  any  new  engine  would,  of  course,  be  governed  by  three 
primary  forces:  the  magnitude  of  technical  and  economic  difficulties  encountered; 
the  extent  of  government  funding  of  research  and  development;  and  the  degree  of 
overall  corporate  motivation  and  resource  commitment.  We  believe  the  lead  times 
which  appear  in  the  APSES  report  are  achievable,  although  the  inevitable  uncer- 
tainties in  projecting  technology  result  in  unknown  tolerances  on  the  numbers. 

A significant  factor  in  this  prediction  is  the  assumption  of  government  support 
for  research  and  development. 

Your  second  point  dealt  with  the  need  to  make  clear  the  distinction  between 
developing  a propulsion  device  and  developing  a saleable  vehicle  package  which 
Incorporates  that  propulsion  device.  The  1985  date  Included  recognition  of 
this  distinction,  and  assumed  a significant  degree  of  parallel  development  of 
the  engine  and  the  vehicle  elements  most  critically  engine-dependent.  It  seems 
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to  us  that  engine  and  powertrain  development  would  be  .the  dominant  factor  in 
the  schedule  to  evolve  a marketable  vehicle.  The  APSES  report  did  not  ignore 
"powerplant  safety,  vehicle  noise  levels,  durabixity,  maintainability,  and 
driveability",  but  rather  the  assumption  was  made  that  these  considerations 
are  basically  the  same  for  all  alternative  engines.  That  is  to  say  these 
factors  will  not  be  the  pivotal  issues.  Further  it  was  assumed  that  these 
system  level  problems  are  not  worked  in  series  with  the  engine  development 
but  that  there  is  a significant  degree  of  parallel  development. 

Your  third  point  addressed  the  reality  that  meeting  economy  and  emission 
goals  in  an  engine  development  program  should  not  be  taken  by  the  public  to 
mean  that  the  entire  problem  is  solved.  We  strongly  concur  that  successful 
laboratory  demonstration  is  only  a first  step  in  a series,,  .and  that  the 
engineering  community  has  an  obligation  to  the  public  to  make  clear  that  the 
purely'  technical  hurdles  are  only  a part  of  the  total  problem.  There  are 
other  hurdles,  including  economics,  safety,  driveability,  etc.,  as  you 
pointed  out. 

In  our  current  studies  for  ERBA  we  will  continue  to  examine  lead  times  for 
new  automotive  technology  and  hope  to  refine  the  estimates.  The  advances  in 
automobile  technology  which  have  taken  place  since  the  date  of  publication 
of  the  report  should  significantly  improve  projection  accuracy. 


Your  comments  were  most  pertinent  and  appreciated. 

Sin 


H.  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HECrtm 

Enclosure  (1) 
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Dearborn,  Michigan 
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March  26,  J976 

U.  S.  Energy  Rejearch  and 
DevelopmcnL  A dminif>l‘ ration 
Heat  Engine  vSy stems  Branch 
Division  ol  Transportation  Conservation 
20  Massachusetts  Avenue,  N.W. 

Washington,  D.  C.  20  545 

ALlcnlivin:  R.  Mercure 

Reference:  JPL  Report  "Should  We  Have  a New  Engine?" 

Gentlemen: 

As  an  automobile  engineer  with  over  30  years  of  experience  covering  all 
parts  of  the  cai-,  including  emissions,  I want  to  accept  ERDA's  invita- 
tion to  comment  on  the  subject  report,  and  will  discuss  three  points. 

Betnro  doing  so,  I must  state  that  I am  in  general  agreement  as  to  the 
relative  advantages  of  the  various  mature  engines  as  possible  alternates 
to  the  Otto  cycle  engine,  and,  if  viewed  as  research  projects,  I can,  with 
a few  exceptions”,  agi-ee  with  the  advanced  engines. 

(1)  The  major  point  is  the  time  scale  used  for  production  of  these  alter- 
nate engines.  It  is  far  too  short  for  anything  except  a major  war  effort 
where  the  government  assumes  the  risk  of  failure  to  meet  job  #1  date. 
Commercial  companies,  self-financed,  cannot  accept  such  risk.  JPL 
assumes  success  of  the  alternate  engine  program  and  schedules  vehicle 
production  for  1985.  It  must  be  emphasized  that  as  far  as  public  announce- 
ment is  concerned,  no  vehicle  with  an  alternate  engine,  comparable  to,  or 
belter  than,  the  Otto  engine  powered  car  in  performance  and  economy,  has 
yet  passed  the  urban  test  of  .41  HC,  3.4  CO,  0.4  NOx. 

(2)  'Jlie  re.ison  for  my  objection  to  this  time  schedule  lies  in  the  fact  that 

Ihe  automobile  companio.j  do  not  sell  engines;  they  sell  vehicles  which 
must  provide  satisfactory  transportation  to  the  customer  over  the  entire 
uaiioii,  on  Ihe  oilier  hand,  enumerates  its  evaluation  criteria  as 

(a)  fuel  economy,  (b)  HC,  CO,  and  NO^^  omission  roves,  (c)  vehicle  re- 
lail  price  dif forent  ial,  (d)  and  ownership  cost  differential,  and  then  adds 

a disclainiur:  "It  was  <is.sumcd  in  ibis  study  that  the  manufacturer  would 
icol  i-elu-a^.e  a new  x^o  we  r.jii.'i  m [(jr  mass  jjroduction  until  the  'bugs'  normally 
c;  ucou/ii  c cod  in  sysLcmi,  and  exiDer  imontal  fleet,  testing  were  worked  out. 
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’’Tliorc  arc  other  eng ine~]'C;JaLcd,  vehicle  criteria  vvliicVi  n re  cUfficulL  to 
quantify:  powf'rplant  szifcty,  vehicle  noi.se  levels,  durability,  maintain- 
ability, and  dr iveabilily.  These  characteristics  arc  normalized  out  of 
the  evaluation,  being  assumed  adequate  when  the  rc.spoctive  development 
Xerograms  are  complete,  and  hence  are  not  discrimin.at  ovs  among  alter- 
nate vehicles.  ” \Vhen  JPL  rejects  durability,  maintaiuability,  and  drive- 
ability  in  their  broad  sense  as  a part  of  their  objective,  they  are  ignoring 
the  very  factors  which  require  a very  great  development  time.  Fui'ther, 
JPL  slates  in  vol.  2,  12,  3,  APPROACH,  (hat  cost  and  time  were  worked 
out  by  a.  modified  Delphi  procedure  by  a panel  of  five  noted  exports  (un- 
named) in  each  engine  field.  It  would  seem  that  these  experts  estimated 
time  and  cost  for  (he  production  of  an  engine,  not  for  the  production  of  an 
automobile  using  that  new  engine.  A second  point  can  be  made  from  the 
weight  data  in  table  4,  p.  55,  executive  summary.  The  turbo-charged 
diesel  would  increase  the  weight  of  the  3100  lb  compact  car  by  240  lb,  all 
on  the  front  su.sponsion.  It  must  be  redesigned.  The  single  shaft  Brayton 
would  reduce  weight  440  lb,  calling  for  a new-  chassis.  Again,  much  de- 
velopment time. 


(3)  ERDA's  help  to  industry  to  make  clear  to  the  legislative  branch  of 
government  and  to  the  media  that  the  successful  conclusion  of  the  alter- 
nate engine  programs  for  economy  and  emission,  and  the  vehicle  device 
programs  for  fuel  economy  only  show?  the  possibility  of  attaining  these 
limited  goals,  and  that  tho  use  of  these  engines  or  devices  in  production 
must  await  the  comxiletion  of  programs  likely  to  be  longer  than  the  time 
spent  so  far. 


Paul  Huber 


PH/. sic 


OiF 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  » 4800  Oak  Grove  Drive,  Pasadena,  California  9110} 

■ 34LPE-77-183-33 
June  29,  1977 


Mr.  Walter  Powell 
722  Morada  Place 
Altadena,  CA  91001 

Dear  Mr.  Powell: 

SUBJECT:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Thank  you  for  your  comments .and  analyses  of  March  15  and  May  4,  1976  relative 
to  the  subject  report.  The  long  gestation  period  between  your  suggestions 
and  the  formal  response  is  explained  in  the  enclosure. 

Your  analysis  of  a high  pressure  ratio,  positive  displacement,  non-regenerated 
Bray ton  cycle  is  most  interesting,  but  as  we  have  discussed  earlier  we  have 
several  areas  of  concern.  These  are  summarized  below. 

Your  use  of  an  "adiabatic  Stirling  cycle"  as  opposed  to  an  isothermal  cycle 
unfairly  penalized  Stirling  engines.  There  are  several  reports  which  show 
compression  and  expansion  strokes  that  are  very  close  to  isothermal.  Thus  we 
feel  the  use  of  the  classical  Stirling  cycle  in  the  subject  report  is  justified. 
The  Brayton  engine -of-your  analysis  would  not  compare  as  favorably  on  this 
basis . 

In  order  for  the  Brayton  engine  you  suggest  to  be  competitive  in  terms  of 
thermal  efficiency,  the  high  pressure  ratio,  positive  displacement  compressors 
and  expanders  must  achieve  high  efficiency.  While  there  are  no  inherent  thermo- 
dynamic limitations  which  make  this  impossible  we  believe  it  to  be  very  dif- 
ficult to  attain  such  high  efficiencies. 

The  subject  report  did  address  the  positive  displacement,  high-expansion  Brayton 
engine  and  concluded  that  it  was  not  as  attractive  as  either  the  regenerated, 
aero-dynamic  Brayton  or  the  Stirling  engines.  Pages  2 though  15  of  Volume  II 
of  the  report  contain  the  discussion.  Briefly,  the  key  findings  there  were; 

(1)  High  expansion  ratio  Brayton  engines  suffer  the  limited  air  handling  capa- 
bilities of  positive  displacement  machinery.  This  leads  directly  to  heavier 
weight  and  larger  volume  for  a given  power.  (2)  The  maximum  efficiency  which 
can  be  reached  by  Increasing  the  pressure  ratio  to  very  high  values  with  positive 
displacement  machinery  is  lower  than  that  which  can  be  reached  by  limiting  the 
pressure  ratio  and  utilizing  post-expansion  heat  recovery.  (3)  For  comparable 
maximum  temperature,  the  brake  thermal  efficiency  of  the  optimized  single  shaft 
regenerated  Brayton  was  approximately  24%  higher  than  the  optimized  high  pressure 
ratio  non-regenerated  Brayton. 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91101 

Mr.  Walter  Powell  -2-  June  29,  1977 


These  considerations  make  us  skeptical  that  a non-regenerated , positive  displace- 
m'pnt  Brayton  cycle  engine  is  thermodynamically  competitive  with  either  the 
classical  regenerated,  rotating  machinery  Brayton  or  the  Stirling  cycle  engine. 

,We  appreciate  your  critique  and  you  continued  interest  in  Improved  heat  engines. 


Since/  1 


Co trill.  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HEC : jms 
Enclosure 
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H, 


A PURTHER  LOOK  AT  THE. "NEW  ENS-INE"  PROBLEM 


yf  B.  Powell 


I. 


Inti'ccy  o tion 


OWGmAE  PAGE  K 
op  POOR  QUAUIy 


A Jet  Jropulsion  Laboratory  ctaay  team  has  recently  publisr.ei  the 
rusuitn  of  a study  of  alternate  pov/er  olacts  .v/hich  ;.iie:ht  be  developed 
for  automonvG  use -in  the  next  five  to  fifteen  years,  cf  Ref,  1, 

Dr.  ?.  li,  Clauser'  of  the  Division  of  Engineering  and  Applied 

del  once  at  the  California  Institute  of  Technology,  in  an  internal 

.■lou-orandurr.  to  the  study  tesM,  raised  some  questions  regarding  t/-? 
ino.-easo  in  overali  efficiency  that  can  be  achieved  by  regenera' i on-,  if 
the  ef-h-ci'Oncy  of  the  heat  exchanger  is  t£.ken  into  account,  and  ?.lso 
developed  a Miysical  explanation  for  some  of  ti:e  real  li.'nitati.ns  of 
the  Otto  cycle  engine,  .cf.  Ref.  2, 

The  JrL  study  team  presented  convincing  physical  and  pxec;l:.:.l 
argu.,ents  that  t?ie  ideal  Ctto  cycle  and  Rankiite  cycle  engines  c_iin:ot 
achieve  the  thermodynamic  efficiency  of  Breyton  or  Stirling  cycle 

o.’.gines  ■ e r'p.rdiri  '.n.°  of  temperature  and  pressure.  Ihu 

r.' O'.. •—•.eniati on  i£  naae  that  doveiopaent  work  be  concentrated  on  v..-o 
e-igine  t./pts:  

1.  Braytcn  Cycle:  A low-pressure  ratio,  open-loon  machine  wIts  cen- 

tinucus  internal  combustion  and  internal  heat  regeneration. 

2.  Stirling  Cycle:  A closed-looTj  machine  with  internal  heat  r 'gener- 

al icn  and  v.’ith  a pressurized  hydrogen  gas  working  fluid  heiied  exid 
coG„ed  through  heat  exchangers,  and  using  an  external  CD-ccueoion 
ho-cter  vxitii  exhaust  heet  regeneration. 

The  'Turther  look"  in  this  paper  is  directed  at; 

1.  A cenpea-ison  of  the  ideal  thermodynamic  efficiency  and  specific 
pev/or  output  of  the  recomcended  .Brayton  and  ‘Adiabatic  Stir.^.rng’ 
engines. 

2.  An  examination  of  the  higb-pressure-ratio,  non-regenerated  Erayton 

end  Adiaoc.tic  Stirling  engines  ’/hich  are  equivalent  in  the  me  dynamic 

efficiency  and  specific  co’'<’er  to  the  recommended  Stirling  engine 
type. 
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The  Cpon-IOQp,  Low-Presuure-Hatio , Regenerated,  Brayton  Cycle 

Gas  Turbine  Engine. 


The  ray  ton  Cycle  has  an  ideal  thermodynamic  efficiency  as  high  as 
t'hat  of  any  other  practically  achievable  simple-cycle  tiiermodynamic 
machine,  cf.  Fiji  X , 

Compared  to  the  thermodynamic  efficiency  at  the  maxiiaum-specific- 

pooer  design  point  condition  (7%.=  T4-)*  for  a Brayton  cycle  engine 

having  a given  value  of  the  cold  gas  to  hot  gas  temperature  ratio 

'7'"  “ I the-  thermodynamic  efficiency  can  be  increased  by  increasing 

the  adianntic  'cci.ipei'ature  ratio  > ( with  correspor ding 

changes  :n  the  preSv.urc  and  volume  ratios,  of.  App.  Ill  ),  or  by 

docreosing  the  adiabatic  temperature  ratio  and  adding  an  internal 

regenerative  heat  transfer  _:'roo..os  tc  t}.e  system;  cf.  Fig.  1 and  A.pp  I. 

In  each  -case,  for  a given  value  oi  "TT  > the  increase  in  efficiency’'  is 

accor.y-anled  by  a decrease  in  the  specific  power  .output.  In  the  limit,  by 

either  'procedure,  the  ideal  Carnot  efficiency  'JO  can  be 

TCavi/ictt  V. 

obtained,  but  v/ith  zero  power  output. 

Thus,  the  effect  on  tho  uGt  pov;er  output  must  be  considered  v;hen 

J riY*  S3  VT  1 1 m f V*l  .l.T*''*00  1 O 

V-/  ^ U _L.  ^ Cs.  ^ ^ ^ J.  a.  w -•  — — --  ’““tJ  — - — " — • “* 

efficiency. 

In  practice,  the  hot  gas  temperature,  73  , is  limited  by  the 

temperature-strength  capabilities  of  the  materials  which  are  used  to 
fabricate  the  engine,  and  the  combusticn  gases  must  be  diluted  and 
cooled  to  this  xcir.porature  before  they  can  be  introduced  i-ito  xhe  worm- 
ing parts  of  tne  engine,  ci.  App  IV. 

The  mamiaum  power  output  of  a Brayton  cycle  engi1?s  will  be  at  the 
maximum  hot  gas  temperature  condition  (or,  v:  re  strictly,  minim-um  ^ ). 
At  this  limiting  minimum  value  of  77  , a choice  r.ust  be  made  betvi,'een 
maximizing  specific  power  or  thermodynamic  efficiency  (or  accepting 
some  in-betv/een  comoromis©  values  of  each)  j this  choice  determines  tne 
design  value  of  tne  adiabatic  tem.perature  ratio  (or  pressure  ratio,  or 
volume  ratio). 

The  aerodynamic  compressor  used  with  tho  gas  'turbine  Braytcn  c;. c..e 
engine  is  basically  a lov;-pressure-ratio  device  (and  also  a iov;- 
adiabatic-temperature-ratio  device).  Thus  the  design  point  for  the 
gas  turbioe  engine  will  lie  xo  the  left  of  the  locus  l~^='Tlp  snov'n  on 
Fig.  1,  and  regeneration  must  be  incorporated  into  tne  engir.e  system 
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in  order  to  achieve  maximum  thermodynamic  efficiency  at  the  design 
values  cf  'Tj  and  specific'  pov/er. 

The  pother  output  of  the  gas  turbine  Bray  ton  cycle  engine  operating 
in  the  region  "7^  can  be  decreased  from  the  maximum  design  pever  by:. 

1.  Decreasing  tiiO  engine  mass  flow  by  decreasing  the  engine  speed. 

This  will,  as  a secondary  effect,  decrease  the  adiabatic  terp-erature 
ratio,  Lj)  , and  may  result  in  a slight  increase  in  thermodynamic 
efficiency  if  7T  is  held  constant,  and/or, 

2.  Decreasing  rhe  hot  gas  temsera-ture  ( increasing  HT  )»  with  a 
corresponding  decrease  in  thermo.dynamic  efficiency. 

It 'Should  bc-n:tud  that  tln...se  po'wer-control  procedures  requir-3 
simultanecus  coordinated  control  of  the  gas  turbine  inlet  nozzlcc.  and 
they  also  imply  tne  existence  cf  a suitable  matching  automotive 
transmission. 

The  maximum  internal  gas  working-fluid  temperature  that  can  ce  used 
in  the  open-cycle,  internal-combu.stion  gas  turbine  engine  is  higher 
that  that  for  externally-heated-w'orking- fluid  machines,  because  the 
temperature  drop  across  the  walls  of  the  heat  exchanger  is  elimin 


‘ iO  ii  ^111  *JC?X  c;.  U oxx  C X.O  U 


^ o ; 


J.U  xO  xuoL-x.«.  <xx.x 


a.mbient  temperature.  Both  cf  these  factors  tend  to  reduce  the  design 
value  of  TT  for  the  open-cycle,  internal-combustion,  g?.s  rurbine- 
Brayton  cycle  engine  compared  to  alternative  engine  cycle-s  and  config- 
urations. 

If  for  no  other  reason  nhan  above,  the  regenerated  gas  turbine 
engine  has  potentially  better  efficiency  and  power  output  than  cz'.er 
alternative  a.utomobile  engines. 

Among  the  major  problo-ns  wnich  must  be  solved  if  the  gas  turoone 
engine  is  to  "arrive"  are: 

1.  Development  of  an  effective,  low-pressure-drop  regenerator. 

2.  Development  of  a control  system, . including  control  of  the  het  gas 
nozzle  to  match  the  flow  and  pressure  characteristics  of  the 
aerodynamic  compressor  to  those  of  the  gas  turbine  over  a rsxge 
of  hot  gas  temperatures,  and, 

3.  Development  of  a continuously-variablc-ratio  transmission. 
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The  Closed-loop,  Pressurised,  Intcrraliy-Re^eneraied  Siirli::^  Kngi.'.r, 


The  ideal  Stirling  engine  has  isotjierinal  compression  ande::ransion 
processes  Joined  by  tv/o  constant~voluns  heating  and  coding  pr: cesses. 

Th is  ideal  Stirling  cycle  has  a thermodynamic  efficiency  equal  co  that 
of  the  Carnot  cycle. 

In  practice,  there  is  no  v,»ay  to  implement  an  isothermal  cmpressicr. 
or  expansion  in  a simple  machine.  The  actual  engine  then  bee::  cs  an 
Adiabatic  Stirling,  and  the  attainable  thermod5’'naiaic  sfficiei.cy  is 
exactly  the  same  as  that  of  t.:e  corresponding  Brayton  cycle  r.achine 
operating  with  the  same  temperature  ratios.-  The  specific  pouer  of 
toe  Adiabatic  Stirling  engine  is  louor  than  that  of  t;:e  3rayt:r,  cycle 
erigine  by  the  factor  Y > since  the  neat  is  added  to  the  v.-orh;  ::g  fluid 
a.t  constant  volume,  rather  than  at  constant  pressure,  . 

The  conventional  Adiabatic  Stirling  engine  is  a lov;-voluc.~-ratio 
machine  ( so  that  7^<  Tt^j  and  thus  operates  in  the  rrgicn 

where  regeneration  can  be  used  to  increase  the  therr.cdynajaic  efficiency. 

The  heat  exchangers  and  the  regenerator  in  the  conventicn'.l 


/i-G  ^ £ C S,  t'  i C 

3t 

engine  create  a 

v.*-  w s. 

• v>  4- 

S. -A  V 

*3  r\ ■f*  f.lTi 

- *1.  4-  ^ 

1 5 

- ’i  tt 

still  as.uming  : 

yerf nf  b- 


real  er.'ine. 


fc^.nd  bh.jLt  the  r:*-ge  of  vaiucE:  of  thermody.'acr.ic  efficiency  for  a given 

♦ 

value  of  7T  > ?!^-d  the  characteristic  inverse  relationship  bstvein 
efficiency  and  spccific>^pov,'er,  as  volume  ratio  is  varied,  are  ihi  came 
a,s  tnose  siicv;n  on  Fig  1 for  tiie  idealised  Brayton  and  Adiabatic  Stirling 

"X-  ' T- 

cycles.  As  vrith  the  Braytcn  Cycle  operating  in  the  region  np, 

the  effect  of  a decrease  in  the  net  gas  temperature  from  the  nsni.r.v.:-;  . 
design  value  (I'vpcrease  in  ) is  a decrcsise  in  efficiency  as  •..-ell  as 
in  the  specific  po'.xr. 

The  conventional  Icx'-pressure-ro tio , closed-locp,  positive 
displa-cement,  regenerated  Adiabatic  Stirling  cycle  engine  is  :rssrurirci 
in  order  to  mao:imize  the  specific  power.  Hydrogen  is  generally  used 
as  the  worhing  fluid  in  oner  to  ir.aximisG  the  performance  of  she 
heat  exchangers  and  the  regenerator.  Even  so,  the  ef f ectiver.sc j of 
the  heat  exchangers  drops  off  at  high  flow  and  peu’er  conditiens. 

Further,  ti.e  uso  of  hjgh  pros'.ure  hydrogen  as  a v:orV:ing  fluil  leads 
to  seme  problems  in  sealing  to  irevent  lose  cf  hydrogen  from  i:.e  cyntev. 


s4  /tRSE'S 

* 
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The  allure  of  the  Stirlir.g  eii^iae  is  based  on:. 

1.  The  fact  that  as  a .closed  syctcT.  it  can  be  made  virtually  nolsoiT 
and  vibration  free. 

2.  The  fact  that  ohe  engine  .has  no  internal  valves. 

3.  The  faf that  the  enclosed  verking  fluid  can  be  heated  from 
virtually  any  tyye  of  neat  source. 

A.  The  iliusron  that  somohov/  this  engine  will  have  higher  thermodyn: 
efficicnc:/  than  other  ejjgines. 
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The  analysis  of  iaeal  cycle  performocco  contained  in  Appendix  I, 
and  sunisarinsd  in  Fig.  1,  shov.s  that  in  the  region  7^  < Tlf.  there  can 
high-adiabctic-temperature-ratio  (high  presoure-ratio,  high  vclune-ra: 
versions  of  the  Rrayton  cycle  engine  vhich  do  not  require  internal  he; 
regeneraticii , and  v/hich  have  exactly  the  sa..r.e  ideal  thero:odyr_ar.ic 
efficiency  and  specific  pov;er  as  the  "conventional''  internally  regen- 
erated Irayton  cycle  ongiiie  operating  at  tl^e  sase  hot  gas  tenp-erature 
ratio,  - 

The  high-pressure-rati 0 versions  of  the  Brayton  cycle  engine 
typicall3f  be  iSiplemented  v/ith  positive  displacen-ent,  piston  in  cyli.'.i; 
compressors  and  expanders,  and  coula  be  opsn-loop  or  clo.sed-lcop. 

The  closed-loop  version  v.’culd  require  heat  exchangers  c:oh  tz 
heat  and  to  cool  the  v;orking  fluid,  and  must  have  an  external  co.'jCU?"; 
or  ot.*er  heat  source  for  heating  the  \;orh±rig  fluid.  An  extsrral  ccrbi 
or  vould  require  it's  ov;n  exhaust  heat  regenerator,  as  v.'ith  xh-e  conv-.; 
ional  Stirling  engine  combustor  and  heater.  Cf,  Fig.  2.  The  closea- 
loop?  ’'fers^or!  enuj  Q be  pressurized,  with  an^'  desired  working  fluia,  in 
order  to  increase  the  pov/er  density  of  the  engine. 

The  opc-n~loop  version  of  the  engine  ‘.v’Ould  need  only  one  primary 
heat  exchanger  t d~}ieat  the  v/erking  fluid,  air,  and  could  use  it's  eye. 
exhaust  air  as  inlet  air  to  an  external  ccmcustic-n  heater.  An  sxhaus 
}icat  regeneiator  would  be  required  in  con  junction  v;ith  an  external 
combusxion  heater,  Cf.  Fig.  3.  Internal  cembustion  versions  cf  the 
high-pressui e-ratio , open-loop  Braytcn  cycle  engine  are  possible,  an 


they  v;o 


reouire  no  heat  exchangers  or  regenc-rators  whatscever. 


[uniflow  versions  of  all  of  the  above  forms  cf  Rrayton  cycle  engines 
are  also  possible,  but  are  not  considered  further  here.]]. 

The  closed-loop,  pressurized,  high-pressure-ratio,  unregeneraxe! 
external-combustor-heated  Brayton  cycle  engine  is  similar  in  many 
respects  to  tne  Stirling  engine  remommendc-d  for  development'  as  an 
alternative  automotive  engine  in  the  A.PSES  report.  The  two  engines 

Incorporation  of  (combustion  produexs)  into  tiis  working  flui: 
would  decrease  the  effective  value  ofj  Y , and  would  requier  higher 
values  of  pressure  ratio  and  volume  ratio  in  order  to  maintain  the  ex 
value  of  xhe  adiabatic  temperature  ratio,'  TT  , and  thus  of  the 
thermodynamic  efficiency,  Cf.  Appendices  Til  and  V. 
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\.\-/ulc  cr-'-rrxto  i-;c-  i'.ot  ^as  t e.?.T  or.^iture  ratio,  T*  , and  thu-: 

I’ouid  ^.;.vo  the  ea::.c  Ic-vel  of  _dca.i  th-xrx'odynaa'iic  cificioncy,  but  x:.e 
jzrayt-.na  cycle  en£;ir.o  vould  have  a hi£;her  specific  pov:cr  than  the  .-ixabati; 
Stirlin:-.  cycle  engine. 

The  priiaary  dcojgn.  and  .“lechanical  difference  between  the  tv;c 
ie  that  the  frayton  engine  roqixires  valves  in  the  hot  gas  region,  vhile 
the  Stirling  engine  requires  a heat  regenerator  in  bet\/eexi  the  twe 
priir.c-.ry  heat  exchangers,  and  has  no  internal  valves.  As  a result  cf 
these  primary  differences,  the  gray ton  cycle  engine  will  neve  the 
following  desirable  features,  compared  to  the  corresponding  Stirling 
cycle  engine: 

1.  The  heat  exchangers  are  isolated  from  the  ccinprescion  and  expansion 
volumes,  and  are  thus  not  volune-liinited,  and  can  be  made  larger 
and  .Viore  effective.  As  a result  uhe  drop-off  of  specific  pever 
with  increasing  power  demand  so  evident  v/ith  the  Stirling  engine 
can  be  greatly  minimized. 

2.  Air  can  be  used  as  a working  fluid,  because  cf  tiie  mcre-ef f ecci ve 
heat  exchangers.  Then  the  sea-ling  problems  associated  v;ith  in-ying 
to  retain  a pressurized  hydrogen  wor’kTng  tju:id.  as  in  Lht:  Stirling 
cycle  engine',  are  eliminated.  .-i.  slight  leakage  of  sir  can  be 
tolerated,  as  it  can  easily  be  riacle-up  by  8,  small  av.nilliary  _:ump. 

3.  The  thermodynacic  efficiency  depends  only  on  the  pressure  raeio  or 
volume  ratio,  and  does  not  decrease  if  the  hot  gas  temperaenre 
decreases  as  a result  of  heat  exchanger  ovoi'loading  cr  as  a result 
of  a deliberate  decrease  in  tlie  combustor  temperature  (as  part  cf 
-a  power- control  action). 


Operator  control  of  the  power  of  the  high-pres.^ure-ratio  Bray  ton. 
cycle  engine  can  be  exercised,  with  respect  to  the  maxinun  design 
pov.'er  by : 

1.  Decreasing  the  engine  speed. 

2.  In  a pressurized  closed-loop  engine,  by  decreasing  the  system 
pressure. 


'5.  Decreasing  the  hot 
It  should  be  noted 
is  almost  essential  to 
for  these  engines 


ga.s  temperature.  . (w'ithout  loss  in  effici 
that  the  con Linuously- variable-ratio  tran 
the  development  of  a practical  control  sys 


ency) . 

omission 

if-m 
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A comparison  of  the  relative  size  of  the  compression  and  expansion 
volumes  for  both  the  high^prosoure-ratio  and  the  low-pressure-ratio 
Bray ten  cycle  engines  operating  at  the  same  value  of  the  hot  gas  temper- 
ature ratio,  TT  , aiid  having  identical  thermodynamic  efficiency  and 
specific  power,  is  shown  in  Appendix  VI.  It  is  found  that  the  high- 
pressure-ratio  machine  has  an  apprecia.bly  smaller  expansion-  chamber 
volume  than  does  the  lov;— pressui’e-ratio  machine.  Thus  the  non— regenerat 
engine,  even  though  operating  at  a higher  pressure  level,  should  be 
smaller  than  the  low-presrure-ra.tio  machine. 

The  above  considera,tions  indicate  that  there  are  many  potential 
benefits  to  be  obtained  by  developing  the  required  "hot  valve"  for 
the  the  high-pressure-ratio,  unregenerated  Bray ton  cycle  engine,  and 
Dhat  this  engine  should  be  evaluated  as  an  alternate  to  the  APSES- 
recommended  Stirling  engine  for  future  automotive  pov;er  plant  apylicatic 
and  for  other  applications  (such  as  solar  power  plants  and  waste  heat 
recovery  engines)  as  well. 
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shov.'c  that  in  the  region  ',^'7^1 


-r 


tnero  can  oe 


dix  II, 
be 

tio) 


bigh-£-.diahatic-t-3crera.turc-ratio  {high  preesnre-ratio > high  volune- 
vers'i:ns  oi  the  Adaacatic  Stiriing  cycle  engine  which  do  not  require 
inccri  al  heat  reg-?ner£  ti  .^n,  and  which  have  exactly  the  aane  ideal  ra-erao- 
dynaaio  efficiency  and  specific  cower  as  a "conventional’'  internallv 


^ .I-  T“  c.  '“  /■**  *^  ■ 


a oa  t i c S t i r 1 i i ig 


niaine  ooerauinn  at  the  sane  value 


tiie  ' ''t  gas  ter.'ii'ere ture  rati 


It  shonlc  be  noted  that  wniie  the  values  of  the  ^'heraodynar.iic 
efficiency  s;.owr.  rq  Fig.  1 are  exactly  correct  for  tr.o  Adiabatic 

he  specific  cower  for  the  Adia.batic  Stirling  cy-cle 


u;  0-L-.  « j:.  . Wj  y 


tr 


\ rr 


lover,  by  a factor  of  Y , than  the  soocific  power  saovn  on  Fig. 

Tv;o  unique  design  requirements  becore  spuarent  when  the  impleaen- 
tati-on  of  the  high-pressure-ratio  Adiabatic  Stirling  cycle  engine  is 
considered: 

1.  Check  valves  are  required  to  direct  the  working  fluid  through  the 
appropriate  neat  exchange'-^'  as.  the  working  fluid  disvlacemcni s 
aie  performed. 

2.  The  ratio  of  the  maximum,  to  the  miniriiun  volume  is  sc  high  thac 
.the  recuierd  sequence  of  volume  displacements  cannot  be  cbiained 

03'  phased  simple  ha.rmonic  motion  of  the  displacer  and  expander 
pistons.  Instead,  cam  drives  will  pTobably  be  required  to  a.'nieve 
the  scheduled  piston  motions. 

The  high-pressure-ratic,  unregonerated  .Stirling  cycle  engine  ic-ss 
iV  tc 


at'o 

been 

described  before. 

how 

ever,  since 

the  design 

•ppe 

ar  to 

be  comparible  to 

those 

associa  ted 

with  tn-:- 

the 

high- 

-pressure-ratio  Er 

ayton 

cycle  origin 

e,  and  since 

the  Braytcn  engine  has  additional  desirable  features,  this  class  :f 
Stirling  cycle  engines  is  not  considered  further  here. 
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5.  Suainary  and  Recomnendaiions, 


The  high-pressurs-ratio,  unregenerated  Bray ton  cycle  engine  should 
be  consodored  along  v/ith  the  regenerated  Stirling  engine  as  a tegential 
future  autouiorive  power  plant,  and  for  other  uses  as  well.  Once  the 
required  hot- gas  intake  and  exhaust  valving  has  been  developed,  tne 


advantages,  vl 
the  rmodynairi  i c 
ef f cctivenesr , 


th  respect  to-  the  Stirling  engine,  of  constant  high 
efficiency,  higher  specific  power,  i.-proved  heat  exchanger 
and  of  using  air  as  the  working  fluid  can  be  exploited. 
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Critique  by 

Mercedes-Benz  of  North  America 
Product  and  Service  Engineering 
1 Mercedes  Drive 
Montvaie,  NJ  07645 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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PROPl'LSION  LABOR  ATORY 


Ciililounn  hiftiliilc  of  Trclntolot^v  •^■ISOO  Oiik  Giove  Drive,  Pasailena,  Califotitia  9H0^ 


June  29,  1977 

RE;  34LPE-77-217-34 


Mr.  K.  H.  Faber 
General  Manager 

Product  and  Service  Engineering 
Mercedes-Benz  of  North  America 
One  Mercedes  Drive 
Montvale,  New  Jersey  07645 

Dear  Mr.  Faber: 

SUBJECT:  Critique  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Thank  you  for  your  letter  of  6 May  1976  concerning  the  subject  report.  The 
reasons  for  our  response  at  this  time,  and  the  restructuring  of  our  heat 
engine  program  are  explained  in  the  enclosure.  Your  letter  raised  questions 
about  some  of  the  assumptions  and  conclusions  of  the  subject  report  in  res- 
pect to  that  part  which  deals  with  diesel  engines. 

Your  comments  are  highly  valued,  and  as  explained  in  the  enclosure,  we  will 
address  them  in  an  appropriate  Technical  Task  Summary  (TTS).  In  the  mean- 
time we  wish  to  respond  to  your  letter  by  expressing  our  present  evaluation 
of  some  of  the  key  issues  which  you  raise.  Our  remarks  follow  the  format  of 
your  letter. 

1.  Your  comments  relating  to  the  pumping  losses  and  thermal 

efficiency  of  a turbocharged  diesel  are  in  concurrence  with 
our  views.  Pumping  losses  can  probably  be  reduced  under 
certain  operating  conditions,  especially  if  the  turbocharger 
is  designed  primarily  to  improve  economy  and  not  to  increase 
power.  Turbocharging  affords  the  option  of  (1)  leaning  out 
the  air-fuel  mixture  to  increase  the  thermodynamic  efficiency, 

(2)  reducing  piston  speed  to  decrease  frictional  losses,  or 

(3)  increasing  the  specific  power  of  the  engine  to  reduce  the 
fraction  of  work  required  to  drive  internal  engine  components. 

All  will  increase  brake  efficiency.  The  exact  amount  will 
depend  on  the  engine  and  cycle  characteristics,  whether  or  not 
the  engine  is  pressure  limited,  and  the  techniques  used  to 
control  maximum  pressure  or  reduce  piston  speed  (variable 
timing,  turbine  bypass  valve,  compression  ratio,  stroke,  rear 
axle  ratio,  etc.).  Your  estimate  of  five  to  ten  percent  sounds 
quite  reasonable  to  us. 
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2. (a)  In  our  further  evaluation  of  the  diesel  (see  the  enclosure), 
turbocharging,  reduction  in  weight,  and  improved  fuel  injec- 
tion will  all  be  examined. 

(b)  One  of  the  tasks  we  are  performing  at  the  present  time  is  a 
review  of  engine-power  sizing.  The  results  of  this  study  are 
to  be  published  next  year.  Any  benefits  to  be  derived  from 
better  combustion  and  engine  mechanics  or  from  leaner  mixtures 
mder  partial  load  conditions  will  be  included.  Reducing  the 
rear  axle  ratio  to  increase  fuel  economy  will  degrade  accele- 
ration performance,  of  course,  unless  specific  power  is 
increased. 

(c)  Mileage  was  compared  on  a per  unit  energy  basis  in  order  to 
remove  certain  unpredictable  variables.  Because  of  the  higher 
energy  content  in  a gallon  of  diesel  fuel,  the  diesel’s 
performance  was  reduced  eleven  percent.  It  is  true  that  in 
today’s  market  the  diesel  has  an  advantage  on  a miles  per 
dollar,  or  miles  per  unit  total  energy  basis  and  that  the  com- 
parison may  have  been  somewhat  unfair  to  the  diesel.  Another 
factor  to  be  considered  is  that  refinery  constraints  place  a 
limit  on  the  number  of  cars  which  could  be  converted  to  diesel 
engines  without  a significant  increase  in  the  total  cost  or 
total  energy.  In  future  comparisons  we  plan  to  take  these 
factors  into  consideration. 

Thank  you  for  your  interest  and  your  constructive  comments.  We  look  forward 
to  further  exchanges  following  release  of  the  TTS  referred  to  above. 


Manager 

Automotive  Technology  Status  and 
Projections 

HEC :nrw 
Enclosure 
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May  6,  1976 


U.S.  Energy  Research  and  Development  Administration 
Heat  Engine  Systems  Branch 
Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.W. 

Washington,  O.C.  20545 

Attn:  R.  Mercure 

Subject:  Update  of  JPL's  Report  "Should  we  have  a new  engine?" 

Dear  Mr.  Mercure: 

Mercedes-Benz  of  North  America  on  behalf  of  its  parent  company,  the 
Daimler-Benz  A. 6.,  Stuttgart,  West  Germany,  hereby  submits  its  comments 
in  response  to  the  ERDA  Announcement  and  Invitation  to  Comment  on  the 
Jet  Propulsion  Laboratory  Study  (California  Institute  of  Technology) 

"Should  we  have  a new  engine?"  (hereinafter  "JPL  Study").  The  comments 
contained  herein  have  been  limited  to  those  areas  of  the  JPL  Study  which 
deal  with  the  diesel  engine  as  an  alternative  power  source.  Mercedes- 
Benz  has  limited  its  comments  to  the  diesel  engine  because  of  its  long 
history  of  work  and  development  with  this  particular  engine. 

General  comments  concerning  the  JPL  Study  are  as  follows: 

1.  Comments  regarding  section  4,2.4,  page  4-22,  Volume  2,  Technical 
■Reports. 

The  comparison  made  in  this  portion  of  the  JPL  Study  between  a diesel 
engine  and  a gasoline  engine  is  conducted  on  the  basis  of  a Otto  Engine 
Equivalent  (hereinafter  "OEE")  diesel  powered  vehicle.  This  vehicle  is 
equipped  with  awastegate  controlled  turbocharged  diesel  engine.  In 
this  comparison  no  improvement  of  efficiency  for  the  turbocharged  diesel 
engine  compared  to  the  naturally  aspirated  engine  is  considered  because 
of  the  negative  pumping  losses.  However,  the  pumping  losses  in  such 
an  engine  are  not  totally  negative  for  all  operating  conditions.  In 
addition,  the  thermal  efficiency  is  improved  due  to  a higher  air  fuel 
ratio  as  compared  to  the  naturally  aspirated  diesel  engine.  Mechanical 
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efficiency  will  also  be  slightly  higher  due  to  the  relatively  smaller 
amount  of  power  needed  to  drive  all  accessories  and  internal  engine 
components.  For  these  reasons  we  would  suggest  that  utilizing  a five 
to  ten'percent  improvement  factor  for  the  overall  efficiency  of  the 
wastegate  control  turbocharged  diesel  engine  should  be  considered. 

2.  Consents  regarding  section  4.5.1,  page  4-32/33,  Volume  2,  Technical 
Reports. 

a.  Since  today's  diesel  vehicles  do  not  meet  the  performance  criteria 
of  the  JPL  Study  and  since  the  improvement  of  efficiency  — as 
explained  above  — is  also  not  considered,  it  does  not  represent 
an  OEE  vehicle  in  the  JPL  Study.  In  addition,  the  fuel  economy 
values  for  the  mature  engine  in  the  CVS  urban  test  are  assumed  to 
be  even  inferior  to  those  of  today's  naturally  aspirated  engines. 
Therefore,  in  contrast  to  all  other  power  plants  under  scrutiny, 
the  diesel  engine  was  not  subject  to  any  further  investigation  with 
regard  to  advancements  in  technology  (for  example  weight  reduction 
or  improvement  of  the  fuel  injection  system)  not  to  mention  the 
positive  influences  of  supercharging. 

b.  The  decrease  of  fuel  economy  with  increasing  vehicle  weight  in 
Table  4-10  seems  to  be  relatively  high  and  not  in  line  with  ex- 
amples available  in  todays  market  such  as  the  Mercedes-Benz  240D 
vehicle  as  compared  to  the  300D  vehicle.  In  actual  fact  partial 
load  fuel  economy  has  only  decreased  marginally  due  to  added  per- 
formance and  weight.  This  is  due  to  advancements  made  in  combustion 
and  engine  mechanics  as  well  as  to  the  more  direct  rear  axle  ratio 
which  can  be  used  with  high  engine  output.  (See  reference  T) . 

c.  All  fuel  economy  figures  of  diesel  vehicles  are  reduced  in  the  JPL 
Study  on  the  basis  of  equivalent  gasoline  consumption  which  is  a . 
reduction  of  about  11  percent.  Since  diesel  fuel  has  a correspond- 
ingly higher  energy  content  per  unit  volume  this  may  be  permissible 
for  a pure  scientific  and  engineering  comparison  on  the  basis  of  BTU 
output.  This  equivalency  computation  is  not,  however,  relevant  for 
COTiparing  vehicle  power  plants  on  the  basis  of  a total  energy  concept. 
A total  energy  concept  considers  the  maximum  number  of  transportation 
miles  per  barrel  of  crude  oil  processed.  If  this  total  energy 
approach  is  made  the  basis  for  all  comparisons,  then  it  can  be  shown 
that,  aside  from  the  reduction  factor  mentioned  above,  an  improvement 
factor  exists  for  the  refinery  process  of  diesel  fuel  (distillates), 
which  depends  on  the  proportion  of  distillates,  since  diesel  fuel  is 
mainly  a straight-run  product  which  requires  less  heat  for  its  pro- 
duction than  gasoline  or  even  lead-free  gasoline.  This  fact  is  ac- 
knowledged in  the  JPL  Study  on  pages  17-27. 
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The  cize  of  the  improvement  factor  for  diesel  vehicle  fuel  economy  value 
deoends  on  the  product  pattern  of  the  refinery,  its  set-up,  and  its  rela- 
tive p'^oportio'i  of  distillates.  References  2,  3,  and  4 referred  to  below 
suggest  this  improvement  factor  to  be  in  the  order  of  1.15  to  1.28.  The 
product  of  both  factors  under  all  conditions  is,  therefore,  larger  than 
one,  and  the  use  of  only  a reduction  factor  in  computing  the  diesel  fuel 
economy  values  of  road  vehicles  is,  in  our  opinion,  not  justified. 

We  appreciate  very  much  the  opportunity  to  comment  in  this  matter  and 
hope  that  our  comments  will  be  of  value. 


General  Manager 

Product  and  Service  Engineering 


iincerely , 
/ 


H.  Faber 


BS/KHF/ck 
References : 

(1)  K.  Oblaender,  H.  G.  Schmidt 


The  Mercedes-Benz  LDV  Diesel  Engine. 

Paper  2nd  NATO-Symposium,  Tokoyo 

(See  Fig.  5 - Fuel  Consumption  at  Road  Load  ) 

(2)  F.  Sezzi,  P.  Garibaldi,  M.  Sposiwi 

Diesel  Fuels  and  Diesel  Engined  Vehicles  in 
Some  European  Countries. 

European  Automotive  Symposium 
Nov.  1975,  Paris  (See  page  5) 

(3)  Light  Automotive  Diesels  --  A Case  of  Mistaken 
Identity.  (European  Automotive  Symposium, 

Nov.  1975,  Paris  (See  Table  9)  — R.  Bertodo 

(4)  W.  T.  Tierney,  E.  M.  Johnson,  R.  R.  Crawford 

Energy  Conservation  - Optimization  of  the 
Vehicle-Fuel -Refinery-System 
SAE  Paper  750673 

Fuels  and  Lubricants  Meeting,  Houston  1975 
(See  Section  3) 
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RE:  34LPE-77-208-35 

June  29,  1977 


Mr.  Stig  Carlqulst 
Kommanditbolaget 
United  Stirling,  AB  & Company 
201  10 

Malmo  1,  SWEDEN 
Dear  Mr.  Carlquist: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R.  A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
Cerda)  has  forwarded  your  letter  to  us  for  response  in  accordance  with  a re- 
structuring of  our  automotive  assessment  work  under  ERDA  direction  as  described 
in  the  attachment.  We  note,  however,  that  your  letter  is  primarily  an  updating 
of  your  recent  technical  work  rather  than  a critique  of  our  work. 

Your  recent  progress,  along  with  your  planned  activities,  continue  to  make  us 
feel  optimistic  about  the  future  of  Stirling  power  plants.  In  our  view,  your 
conventional  crankshaft  engine  approach  obviates  many  difficulties  in  the 
development  of  a fully  viable  Stirling  engine.  Your  report  at  the  recent 
NATO/ERDA  Conference  in  Washington  in  April  1977  was  a most  informative 
description  of  your  development  progress. 

t 

Regarding  our  continuing  assessment  work,  our  approach  is,  first,  to  document 
as  Technical  Task  Summaries  (TTS)  the  results  of  work  in  each  technical  area, 
and  then  to  publish  an  annual  Automotive  Technology  Assessment  Report  which 
summarizes  the  data  in  the  TTS  reports . The  relationship  between  these  reports 
is  presented  in  an  enclosure. 

We  thank  you  for  your  cooperation  in  support  of  our  study,  and  we  look  forward 
to  your  continued  Involvement,  especially  during  the  Stirling  reassessment 
phases . 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Proj ections 

HEC : jms 
Enclosures  (2) 

Telephone  354-4321  Twx  9i  0-588-3269  Twx  910-588-3294 
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KOMMANDITBOLAGET 

UNITED  STIRLING 

(SWEDEN)  AB  i Co 


Htndtfg9«r«/Our  conUelmin 

S Carlqvist/I4LN 


Datum/Ofitt' 

April  27,  1976 

Ert  dafuffl/your  daU 


Rafartna/Raftfane# 


£t  rafaranifypvr  fefoiaiica 


U.S.  Energy  Research  and  Development  Administration 
Heat  ^iiid  Systems  Branch 
Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.W. 

WASHIN(3T0N  D.C.  ^ 205^5  USA 

Por  the  attention  of  Mr  R Iifercure 


. Gentlemen: 

Updating  the  Jet  Propulsion  Laboratory  report 
"Should  v/e  have  a new  engine?" 

We  have  received  your  request  for  latest  available  information  related 
to  the  report  by  California  Institute  of  Technology  Jet  Propulsion 
Laboratory  entitled  "Should  we  have  a new  engine?" 

Our  development  of  Stirling  engines  is  mainly  concerned  with  engines 
for  trucks,  buses  and  for  industrial  and  marine  purposes,  ^sically 
two  sizes  of  engines  are  under  development: 

1.  The  experimental  engine  V4X . 

This  engine  has  been  developed  since  1971  and  serves  as  a test 
bench  for  ccaiponents.  In  total  seven  engines  have  been  used. 
One  was  used  for  an  early  test  in  a Ford  Pinto  car.  See 
sectioned  viev;  in  enclosure. 

2.  The  project  engine  PI50  - 

This  engine  is  intended  to  be  developed  into  a conmercial 
engine  using  the  concept  and  experience  gained  from  the 
V4X  development.  With  the  nomiivil  power  of  200  HP  (I50  kVO 
it  consists  of  two  V4-modules  i.e.  it  is  a V8  engine.  A 
cross  section  of  a prototype  is  shown  in  enclosure.  At  the 
moment  tlri’ee  V4-modules  are  being  tested. 

The  development  objectives  for  the  PI50  engine  are  as  follows: 
a near  term  goal  of  reaching  a max  overall  thermal  efficiency 
of  35  ~ 37"  (phase  1 development)  and  a long  terni  goal  of 
reaching  a max  overall  thermal  efficiency  of  H0%  aaid  above 
(phase  2 developinent ) . The  ptose  1 develcpnent  is  at  the 
moment  taking  the  majority  of  our  resources.  For  the  phase 
2 development  only  preliminary  investigations  are  made 
mainly  concerning  the  characteristics  of  ceramic  matei’ials. 
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U.S.  Energy  Research  and  Development  Administration 
WASHINmON  D.C. 


For  the  attention  of  Mr  R Mereure 


In  an  enclosure  we  hiave  collected  information  that  can. be  of 
interest  for  you  in  updating  the  report.  We  v/ill -glad  to  be 
in  contact  with  you  to  keep  you  informed  about  our  Stirling 
engine  developnent . 

Yours  sincerely, 

Komnanditbolaget 

UNIIED  STIRLING. (SVEDEN)  AB  & CO 
R & D and  Licensing 

Stig  Carlqvist 
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Enclosure  to  letter  April  27,  1976  to; 

U,S,  Ener'gy  Research  and  Development  Administration 
Heat  Engine  Systems  Br*anch 
Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue  N.V/. 

WASHINGTON  D.C.  205^5  USA 

For  the  attention  of  Mr  R Mefeure 


The  follov/ing-  corrections  and  additions  to  volume  II  of  the  report  we 
would  like  to  make: 

1.  Table  6-1.  Engine  characteristics  . 

Some  figures  in  characteristics  for  engines  VHX  and  P150  have  been 
changed.  See  enclosure.  For  PI50  engine  two  values  for  power  and 
efficiencies  are  given.  First  value  represents  goal  that  will  be 
reached  during  this  year  while  second  value  shows  final  goal  in 
phase  1 development. 

2.  Power  control  system 

Different  types  of  power  control  systons  are  being-  investigated.  We 
have  found  that  the  veudable  amplitude  system  (also  .called  dead  volume 
system)  l-;as  many  advantages.  However,  in  order  to  facilitate  the  operation 
with  good  efficiency  also  at  very  low  loads  iri.thout  using  excessive 
dead  volumes  we  are  now  concentrating  our  efforts  on  a new  improved  mean 
pressure  level  (MPL)  power  control  systat. 

The  new  system  incorporates  a ei’ank  shaft  driven  hydrogen  compressor, 
a three  mode  control  valve  and  supply  valves  for  each  cylinder.  See 
schematic  drawing  of  the  systan. 

The  hydrogen  compressor  is  provided  with  a short  circuit  valve  to  avoid 
that  it  absorbs  power*,  when  no  pumping  action  Is  needed.  The  control 
valve  has  three  modes  of  operariori: 


Supply  function  for  increasing  pcwer 
Dump  function  for  decreasing  power 
By-pass  function  for  quick  de-loading 

During  tire  supply  opoi’dtion  the  intermittent  supply  of  working  ^s  to  the 
cylinder’s  is  a provision  for  very  rapid  torque  response. 

3.  Figure  6~33»  page 


The  picture  shown  in  fjguco  6-33  on  page  is  really  related  to 
the  V^i-itiodule  of  the  Pl'bO  engine. 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 1900  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-7 7-207-36 


June  29,  1977 


Mr.  H.  Burke  Horton,  President 
General  Power  Corporation 
225  Plank  Avenue 
Paoli,  PA  19301 

Dear  Mr.  Horton: 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 

Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration  (ERDA) 
asked  that  we  reply  to  your  letter  in  accordance  with  our  automotive  studies  as 
restructured.  The  program  reorientation  is  summarized  in  an  enclosure.  Your 
cogent  and  well-reasoned  critique  of  the  subject  report  contains  recommendations 
that  have  been  accepted  and  implemented  in  the  new  heat  engine  program  under 
ERDA  sponsorship . 

Regarding  the  wave  engine  variant  of  the  gas  turbine,  we  appreciate  your  calling 
it  to  our  attention,  and  we  will  address  it  in  an  appropriate  Technical  Task 
Summary  (TTS)  covering  Brayton  class  engines.  The  role  of  the  TTS  as  a stepping 
stone  in  generating  the  Automotive  Technology  Status  and  Projections  source  book 
is  indicated  in  one  of  the  two  enclosures. 

Regarding  your  suggestion  of  extending  engine  studies  to  include  military  appli- 
cations, this  could  best  be  done  in  a subsequent  stage.  The  primary  optimization 
criteria  of  the  subject  study  were  high  fuel  economy  with  low  emissions,  and  they 
deeply  involved  the  federal  driving  cycle  and  certain  automobile  performance 
criteria  uniquely  related  to  safety  in  the  modem  highway  environment.  Clearly 
the  optimization  criteria  for  military  vehicle  engines  are  different.  We  suggest 
that  the  two  areas  of  engine  application  should  each  be  studied  separately  first , 
and  then  with  the  result  in  hand  the  areas  of  commonality  could  be  explored  along 
the  lines  you  suggest.  We  concur  in  your  concept  of  developing  new  automobile 
engines  for  application  in  larger  vehicles  and  then  scaling  them  down  to  passenger 
car  sizes,  provided  that  the  scaling  parameters  are  understood  and  have  been 
validated. 

Regarding  decisions  on  which  engines  to  develop,  this  complex  process  we  feel 
should  not  be  delayed  in  the  hopes  of  a significant  breakthrough,  but  should  be 
made  as  quickly  as  an  adequate  basis  can  be  established  by  means  of  such  studies 
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as  the  one  under  discussion.  The  option  of  modifying  a decision,  of  course, 

should  be  kept  open,  and  contingency  planning  done  in  accord  with  the  risks  

risks  to  the  public  as  well  as  to  the  industry. 

In  reference  to  the  breadth  of  the  subject  study,  as  discussed  on  page  4 of  your 
critique,  we  doubt  that  a single  study  in  itself  would  provide  an  acceptable 
basis  for  committing  such-  large  sums  of  money.  The  desirable  result  of  the  study 
is  to  direct  attention  to  technical  approaches  to  automotive  propulsion  which 
offer  an  apparent  payoff.  The  critical  technology  should  then  be  developed  to 
the  point  that  the  engines  are  candidates  in  fact  rather  than  only  on  paper.  In 
this  way  maturation  of  the  -best  engines  can  take  place  with  greater  assurance. 


In  regard  to  increased’  study  flexibility,  we  feel  that  there  is  a limit  that 
should  be  imposed  as  a function  of  depth  of  a study.  For  example,  a survey  study 
can  be  as  wide  as  one's  library  resources  permit.  In  the  present  case  additional 
resources  might  be  better, directed,  for  example,  toward  an  improved  and 'mo re 
versatile  computer  simulation  program  for  evaluating  alternative  engines  under 
various  driving  cycles,  where  an  engine's  relative  standing  can  be  studied  care- 
fully, and  the  impact  on  an  Otto-equivalent  engine  (OEE)  from  various  portions 
of  the  driving  cycle  can  be  readily  compared.  This  is,  in  fact,  one  of  the 
efforts  being  accomplished  in  our  current  work. 


Many  of  your  comments  will  be  reflected  at  appropriate  points  in  the  current 
program,  but  it  is  not  feasible  to  respond  fully  by  letter  to  your  extensive 
10-page  critique.  Your  response  is  appreciated. 


Sinceii  1 


^ry  E.  Co trill.  Project  Manager 
Automotive  Technology  Status  and 
Projections 


HEC : nrw 
Enclosures  (2) 
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GKNIOJ>JAL.  rovrrjl  COKPORATrON 

L’iio  PI.AXIv  AVKXUK 
I’AOLl,  ]>K.XXSXIA'AXIA  10301 
April  26,  1976 


OfilGINAL  Paci?’  tc 
0^  POOR 


2ir,-<i44-oorii; 


U.  S.  L’nergy  Tiesearch  and  Developmont  Administration 
Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachusetts  /\venue,  N.  W. 

V/ashington,  D.  C.  20545 

Gentlcirion; 

In  accordance  with  ycur  request  for  comments  on  the  JPL 
study  entitled  "Should  We  Have  a New  Engine?",  I am  sub- 
mitting comments  as  an  attachment  to  this  letter, 

I was  very  pleased  to  learn  that  ERDA  planned  to  update 
the  JPL  study  in  this  area  of  vital  concern  to  the  U.  S. 
Your  choice  of  phraseology  to  describe  your  objective, 

. .to  update,  expand  and  correct  . . certainly 

hits  the  mark. 

Members  of  our  GPC  staff  will  be  glad  to  provide  assist- 
ance to  you  in  every  w^ay  possible  for  this  important 
undertaking.  Our  Engine  Research  Laboratory,  located 
at  the  address  above,  is  in  suburban  Philadelphia — readi- 
ly accessible  from  VJasiiington , D.  C.  , Detroit,  and  Cali- 
fornia, We  are  looking  forward  to  meeting  with  you  and 
members  of  the  staff  for  the  new  project. 


Sincerely, 

H,  Burke  Horton 
President 

Attachment;  Comments  on  refearenced  study 
HBH:gah 

Copies  to;  Richard  R.  Coleman 
Helmut  E.  Weber 
John  Hancock 
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7\pi*il  22,  1970 


COMMENTS  ON'  ’’SHOULD  WF;  HAV."  A NP,.’  LN'CIM?" 


H.  BurV.e  Horton.  Pro^idenl 
Goneroi  ?ower  Corporation 


Inlroclnct;  u’l 


In  an  ontsta:uii:r,'  oxrrple  of  corpcri.t''-  status’ •'! risliip , Mr.  Lr;e 
lacocca,  ProsiiJon'. . ford  ilotor  Co.,,  artcni^cd  for  lii?  cotrpany  to 
sponsor  a spf.'ciai  study  ot  national  roin.iro.'ionts  and  capabilities 
for  develop i.no^  a:i  i. 'proved  autu;:!Otive  pu’.:or  plant-.  IV.nding  arrange- 
ments v.’ore  made  '•;it:i  tno  -IgI  rropulsion  ;.<'l.oratury  (•!?!),  California 
lnsti.lut(‘  of  Teclir.olo;,'.’ , in  suen  a v;a\  as  to  excJtde  any  bias  by  ford. 
'Iho  resnlting  study  ’-’as  a pio’ieor  ii;.^  efCoit  to  do  fine 'needs , capabili- 
ties, foasiblo  ti::.e  sciiednles,  and  costs  of  possible  alternatives, 

Tlie  original  study  arri’.'ed  at  certain  tentative  conclusions  as  to  the 
foasil)ility  and  'desirability  of  these  alternatives.  Ihe  study  in- 
cluded reco-rr.endal ions  for  the  follo’.'ing: 

(1)  A vigorous  p^'ocra’i  to  Jrprovo  veliictc  cliaracter istics  fr'nitful 
for  any  engine  progran  (og.  , veiglit  reduction  and  ii, -proved  aero- 
dynamics). 


(2)  A continuing  effort  to  improve  tl:e  varior.s  types  oJ’  Otto  cycle 
engines  to  l».:y  tii.’e  , developiaea.-t  of  stratified  charge  ver- 
sions, and  the  use  of  cafalyt  ic  cor.vortcrs  for  pollul Jon  a'.iatc-T.en 


♦Submitted'  in  response  to  a ee’ieral  solieita  t ’0*i  ny  the  I'.S. 
rnor’g\'  veil  and  ! 'e’-oli ‘’:it  . hi  "in i-'t  rat  ’or  co- •■.ertts 

direi'led  leward  a 1 >1  Io'..-i>-i  siriiy  to  tiu;  iiiitial.  -li'!.  repoj’t 
(sai'io  til  It;)  viiit'h  \'a.s  sponsored  by  tiie  ford  Mutui’  0o-.)i."ny. 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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(3)  A laj'y(*-sc;ilr!  «i)vcriiiiicMi*-.si!ppi.)!  t.rjd  rojifi'ii’cli  I’liit]  do\ (jlop'iienl  pi’o^jrnni 
on  Ura^lon  c\clo  and  Slii-lin;:  cvcJo  rniginos  to  carj‘3’  tho.so  li:o  parti- 
cular t^v'pos  to  the  point  idicre  a decision  couid  bo  made  as  1o  i;hich 
type*  (or  v;hal  nix  of  tin?  tn‘o  tipo?^  v.ould  bo  best  overall. 

(4)  A long-rnn“e  research  pruerr.r  in  areas  '..lioro  a n.ajor  resoarcli  broak- 
tIu'ou"h  ennild  create  ner  i'avorablo  options  (ee^.,  research  on  electric 
storage  batleriesL 


Tlio  L'.S.  hnerev  Kosoarch  rrd  bevel.  p:;ei:t  Ad”  Lnistration  I'tilDA)  is 
currently  sponsoj'ing  am  oriurt  by  -JI’L  to  . . update,  expand  and  correct 
..."  tlic  initial  report,  for  tliis  purpose,  1 iibA  h.'is  solicited  co.r.rionts, 
suggestions  and  da1a  relevant  to  tl:u  initial  .jPL  study  and  the  pJ armed 
bKDA  seniiel  to  that  slitdy.  'i'ln  Coi  vents  bolov:  have  been  prepared  in 
response  to  tlic  Ji’.Hi  recnesl  . 


riexiliili  tv 


The  inportaiice  of  flexib ilit^v  in  any  rajor  undertaking  is  generally 
recognined.  Too  r.mcli  flexibiitiv  can  beeosx-  an  excose  for  proornsttna- 
tion;  too  little  i'iexib ilily  creates  a rigid  co'a'.i tv-iont  to  puSt  decisions. 
Ixperienced  nmimgeis  of  laj-ve- scale  it.  D.  efforts  are  v.eli  avare  of 
these  lA.’o  pitfall.s.  Ln  i;>y  opinion,  tiro  initial  •k'b  sUid\  errs  on  liie  side 
of  I'igk!  (n.ii.n  i Irm’iit  t'c>  ti.o  part  ieulnr  iien  engine  a l.Ltn-nat  ivi-s . Tliis  re- 
stricted posture  is  ri jsad\-a!;t.xgoous  for  t.v.o  reasons:  (a)  serious  unfore- 

the 

seen  technical  l)ariiers  to  success  vit!i/tv:o  cliosen  pLrms  may  be  encouatered . 
and  (b)  unforeseen  teebnicaJ  breairtiu'or.girs , rdiich  could  offer  better 
solutions,  r’ay  occur.  Th(*re  are  nnncj'ons  examples  of  such  unfoj’escen 
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opportuiiiti‘;s  in  larj-c;  op  urn  lions.  Tor  example*:  (1)  nuclear  (rallier 

than  clie-tical)  explosives;  (li,)  lunar  orbit  (rather  tlian  earth  orbit)'  as 
tiio  preparatory  slop  fur  lunar  landings;  (3)  electronic  (ratiier  than 
elcctrumeclwinicTil)  aritlr.etic  and  lun’ical  devices;  (4)  niagnetic  (ratlier 
than  optical)  leii.-es  fur  poi  orful  ii.icroscopo? ; (5)  solid  (ratiier  than 

liquid  ) prupelianis  Jbr  'iiilLtai'y  ballistic  missiles;  (6)  tonnage  oxygen 
(rather  Ilian  air  compressors)  for  blast  fin-naces;  and  (7)  the  captured 
■Remagen  liridge  {ratiier  ll’an  pontoons)  for  crossing  the  Rhine  in  hi\  II. 


The  list  could  go  on  indo fin i lob,  : houever,  tiiese  diverse  events  liave 
one  tiling  in  cor.:-, on;  the  ii.eans  for  mahing  a major  iiiiprovemeiit  to  aciiieve 
tiie  objective  i.r.s  v;ell  off  tlie  beaten  piath.  In  most  of  the  exiiniples 
(items  1,  2.  3.  and  o).  the  v-:eight  of  establisiied  authority  not  only 
bncbeil  tl;e  inioj-ior  solution  but  v:as  initially  hostile  to  the  dramatic 
nei-  and  uiiexpccii'd  solution.  In  several  cases,  it  uas  neccssajy  to 
identify  and  infinence  ke\  individuals  at  high  level  (eg.  franklin  D. 
Roosevelt  on  nuclear  explosives;  and  V.'erner  von  Braun  on  luii.xv  orbit) 
in  order  to  direct  adequate  attention  to  the  nev?  ideas. 


The  most  serious  handicap  to  flexibility  in  tlie  initial  dPL  study 
v.'as  tlie  ground  rule  stated  on  p.  45,  Vol.  1,  vliieh  reads  in  p.'irt  as 
Jblio‘..s;  '"this  study  li;;:ited  itself  to  tliose  (engines)  which  ciaTcntly 
exist  in  iit  le.isr  exporircntal  protob.pe  hardware  and  . . . wliich  offer 
the  possibilit;.  of  being  ecoiioMically  .iiass-p reduced  in  the  b'30’s  decade." 
This  gj  ound  rule  undonht ed  ly  resulted  fro:i  budgetary  linitations.  Never- 
theless, it  ll::iled  the  scope  of  the  study  in  a manner  inconsistent  \;Lth 
tlio  economic  impcu-tance  of  the  problem  and  tlie  extended -period  tliat  the 
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nation  must  live  v,'i.tli  tiie  solution  (i;ell  beyond  2,000  A.D;I).  Limiting 
the  scope  of  sucJi  an  important  project  to  engines  noi-J  in  hard\?fire  is  un- 
desirable and  unnecessary  in  this  ora'  of  extensive  and  detailed  computer 
simulation  of  sophisticated  hardvaire,  weeipbns  systems,  and  missions  far 
more  complex  than  niost  engines.  On  a problem  of  tiiis  magnitude  and 
importance,  we  must  have  access  to  and  utilize  our  total  knov; ledge  about 
engines  and  methods  for  their  evaluation.  Only  in  this  \.’ay  can  v/e  be 
reasonably  sure  of  arriving  at  a high  quality-  of  solution(s)  appropriate 
to -this  massive  problem. 

Breadth 

The  staff  of  J.P.L  and  Cal.  Tech,  are  to  be  complimented  for  the 
amount  and  quality  of  work  performed  vjith  limited  funds  and  within  a 
shox't  time  period,  Considei*ing  the  resources  at  their  disposal,  it 
w’ould-  have  been  abiiost  impossible  to  broaden  the  staff  and  scope  of  tiie 
study.  The  resulting  study  was  an  excellent  "door  opener"  to  cast  a 
bright  light  on  one  of  the  great  peacetime  problems  of  oiu*  centuryj  How- 
ever, T am  sure  the  J.P.L.  staff  will  be  the  fii*st  to  agree  that  a prob- 
lem measured  in  decades  of  time  and  many  billions  of  dollars  deserves 
broader  troalment.  Broadening -the  scope  of  tlie  naxt  study  should  make 
it  unnecessary  to  adopt  roslrictive  ground  3'ules  that  seriously  handicap 
tiie  investigators.  (See  last  part  of  the  section  on  flexibility- above.  ) 

The  knoKlcdgc  and  oxpurien'ce  of  many  other  U.S.  research  and  iudus- 
txial  organizations  must  be  focused  deliberately  on  this  problem.  The 
haste  imposed  hy  a $500,000  study  budget  must  not  he  allowed  to  determine 
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our  course  of  action  on  a projjram  u’Uich  will  ejctend  into  the  next  century 
and  VJliich  v.’ill  determine  in  the  long  run  how  we  spend  trillions  of  dollars, 
]n  broadening  the  base  of  expertise,  vje  must  also  consider  individuals  and 
organizations  outside  the  L'.S,  'Iheir  ideas  and  involvement  will  contribute 
momentum  to  the  program  or  prograrrs  v.’hich  finally  emerge.  Broadening  the 
base  v.’ill  also  contribute  to  program  flexibility  (see  above)  and  will 
thereb}’  give  us  a better  clinnee  to  discover  one  of  those  unexpected  "lucky 
breaks'’  tliat  could  alter  oiu:  entire  tipproach  to  the  problem. 

Pren’.ature  Con-jni'lment 

The  comments  of  tills  section  are  directly  related  to  the  general  com- 
ments above,  ilou'evor.  it  is  necessaiy  to  be  more  specific  about  the  con- 
sequences of  inadequate  flexibility  and  breadth.  Some  of  the  general 
remarks  contained  in  tho  initial  -ITL  study  suggest  a general  awareness  of 
tile  historica]  importance  of  breaktiu:oughs  in  engine  development.  For 
example,  in  speaking  of  the  JPL  concept  of  Present,  Mature,  and  Advanced 
stages  of  heat-engine  po'werplant  development,  the  study  reads  in  part 
(p.  53,  Vol.  1)  "Jhis  approach  recognizes  the  evolutioiwiry  and  revolurion- 
nry  improvements  which  will  be  made  in  these  machines  with  advancing  tecli- 
nology.."  However,  it  should  be  noted  tliat  in  the  JPL  study,  this  awareness 
has  airead^'  iieeii  nar.i'owl’i  clionneled  to  ",  . . these  macliines  . . i.e., 

those  i;\pcs  of  engines  alj:eady  selected  for  analysis. 

Similarlv , in  continuing  the  discussion  of  tiie  time  iramo  for  new 
developments  (p.  54i  Vol. .1),  the  JPL  study  rends  in  part  "It  is  acknow- 
ledged tluit  llio  actual  course  of  engine  maturation  is  more  nearly  one  of 
continued  incremental  .improveiaonts , along  v;illi  occasional  remarkable  gains 
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v;hen  a totally  new  device  or  53-5 teni  is  first  introduced."  It  sectns  to 
this  v;riter  that  speaking  of  a "totally  new  device"  in  the  context  of 
"engine  inatuj'ation"  puts  an  intolerable  strait."Jacket  on  the  concept  of 
technological  brenktiu'onglis.  The  real  quantuni  jumps  in  a teclmolog3’ 
result  from  dramatic  nev;  breaktliroughs  completelv  outside  the  bounds  of 
a technological  matuiration  process. 

For  example,  a t\’pe  of  engine  which  could  make  effective  use  of 
ceramic  components  in  its  static  (non-moving)  parts  v;ould  have  a signifi- 
cant technological  advantage  over  existing  ty}.ies  that  require  the  more 
advanced  ceramic  components  usable  for  high-speed  moving  parts.  Sucli  a 
type  of  engine  is  known:  it  is  a t7,-pe  of  .gas  turbine  v.'hose  rotor  can  be 

made  of  metal  allo3's  because  the  rotor  remains  hundreds  of  degrees  cooler 
than  the  hot  gases  from  the  combustor.  The  "cool"  rotor  results  from  liie 
basic  operal.Lng  c\cle  which  -combines  compression  and  expansion  on  tlie 
rotor.  In  this  respect,  the  rotor  of  such  a turbine  functions  in  a manner 
analogous  to  the  parts  of  a conventional  piston  engine,  which  also  reraain 
cool-  (relative  to  tlie  4000-5000°F.  combustion  temperatures)  as  a result 
of  the  alternating  functions  of  compression  and  expansion-  This  particu- 
lar illustration,  known  genera ll3’  ns  a wave  engine,  v;ns  chosen  as  an 
example  for  t^;o  reasons:  (1)  the  autlior  is  familiar  w’ith  its  character- 

istics, and  (2)  f.-iilure  to  consider  it  in  the  initial  JPL  study  illustxatcs 
tlie  t3’pe  o L'  luindicap  that  can  result  from  a premature  all-out  conmiitmont  to 
particular  solutions.  To  be  more  explicit,  because  of  the  combination  of 
mechanical  and  tiioriiial  stresses  in  the  hot  rotor  of  the  conventional  P-r av- 
ion cycle  gas  Inrbine,  it  is  not  the  typo  of  engine  host  suited  to  tlie  use 
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of  cerciiitic'COPipoiK.'nl's  — even  tliough  the  present  ceramic  component  re- 
search pro^-ain  has  been  carried  on  largel3'  as  a result  of  the  serious 
heat  proble:i!S  inh.erent  in  the  conventional  Brayton  circle*'.  1>3’  choosing 
a different  typo  oL’  engine,  less  advanced  ceramic  technology,  aimed  at- 
static  parts  of  the  eiigirie.,  nay  enable  us  to  acliieve  v;i'th  metal  rotors 
all  of  the  tliormodynamic  advantages,  nov;  being  pursued  \:ith  great  diffi- 
culty by  the  use  of  cera;t\ic  rotors  or  ceramic  rotor  blades  in  the  con- 
ventional gas  turbines. 

The  cool-rotur  wave  engine  nentioned  tibove  is  onlv  one  example  of 
the  possible-  impact  of  ne\;  opproaclios.  No  doubt  there  are  other  similai' 
technical  possibilities,  such  as  advanced  fuel  cells,  and  these  should 
also  be  thoroughly  explored. 

Leverage 

Partly'  l)ccause  of  a limited  budget,  the  initial  JPL  study  identified 
onl)'  titfo  "reasonable"  long-range  solutions  to  tjie  automotive  engine  prob- 
lem. Each  of  those  vwo  proposed  programs  faces  major  multi-billion  dollar 
obstacles  to  success.  To  mention  onl^'  Ivo  of  these  ii-.ajor  obstacles,  con- 
sider the  problems  of  developing  fl)  economically  producible  high-te;rpcrn- 
tiu'e  heal  exchangers,  and  (2'i  reliable  ceramic  components.  Problems  of 
this  tj'pe  are  far  off  the  beaten  track  and  outside  tlie  range  of  industigy 
know-hov.'.  Work  in  these  areas  must  be  funded  aimost  entirely-  b\'  llie 
government,  and  if  the  teciinical  barriers  prove  to  be  i nsuriiionntable , L'.S. 


'•'See  for  example,  pp.  S'’ 
com]>onent  ;;ud  materials 
vanced  versio:i.s  of  Ihe 


ard  '’0.  VoL.  1.  ihc  ox1.rr-;elv  difficu.lt  and  co.sllv 


research  program.s  i.-hic.li  mu.^1  sr.ccecd 
Stirling  aiul  conventional  !.ra\ton  cycJ 


bel’oi'e  ad- 
u euginur. 


will  e\on  I>e  po.ssiblo. 
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industry  vrill  still  l>f>  stuck  with  present  ciiffine  teciinology.  Consider- 
able efforl  should  be  made  to  structure  the  research  in  such  a way  tliat 
government  dollars  ivill  be  spent  in  quantities  and  in  teclinical  areas 
that  will  tend  to  encourage  rather  than  to  displace  contributions  by 
industi'y.  I'se  of  goverimient  research  funds  in  this  way  v-ill  increase 
the  scope 'of  the  overali  research  program  and  will  significantly  reduce 
the  time  required  for  iniplemenlation  by  industry. 


Deferse 


It  v/as  disappoxnl ing  to  find  that  tlie  initial  .’PL  study  did  not 
even  mention,  much  less  consicei-,  th.e  potential  military  applications 
and  advantages  of  a iiei:  type  of  engine, Uhile  ttiis  omission  is  under- 
standable in  the  niodesi  study  fi:nded  by  Ford  Motor  Company,  national 
defense  needs  cannot  be  neglected  in  the  ne\;  version  to  brx  funded  by 
ERDA.  Considerations  sucli  as  the  use  of  broad-base  fuels,  multi- fuel 
capability,  logistic  simplification,  independence  of  foreign  sources, 
V7eiglit  reduction,  mechanical  si’.plicily,  low  cost,  and  long  life  are  of 
great  concern  to  tlie  national  military  establishment.  ' r urthermoz*e , much 
of  the  fundii'g  nec.'ded  for  new  engine  develop:.iont  could  be  justified  in 
various  paj  ls.  of  tfie  HoD  budget.  It  is  espec  Lally  desirable  in  this  ex'a 
of  budget  limi tat. ions  to  avoid  program  duplication  between  the  defense 
and  the  nor.-defense  n.gcncies  of  government,- 


*ln  the  writer’s  view,  the  I'.S.  l.."s  passed  through  a post- '.-.'or 3d  War  JI 
period  in  wiiicli  it  seemed  for  a tine  that  oiu-  :^pokesmr>n  \:ere  bent  on  a 
crusade  to  police  the  i.-orJd.  Ii:is  was  fo3J.o'..‘o<,!  by  a post -Viet nan  period 
in  whicii  many  d is  illus  ioned  into  Ux-ctuals  seemed  bent  on  a program  of 
im.ilat(;ra  I.  disarimimeul:  sinJl.'ir  to  that  of  tiie  1‘i'Jo's  vTikJ  i'^30's.  It  is 
gratifying  to  tlie  netiou  noi.‘  aiming  I’or  attainable  d>.>l.'en?e  objectives 
. W'hieli  will  avoid  tlie  wt>ak  defense  posture  Uiat  pro\’!.‘d  to  he  so  inviting, 
to  the  dictators  of  the  I't'O’s, 
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In  suitic:  Cc'isu«-  1.1  vjill  be  more  efficieitl  first  to  develop  new  l;jpes 
of  engines  in  llie  larger  siaes  appropriate  for  military  vehicles  and 
trucks  and  then  scale  'tlie;ii  down  to  passenger  aulomobire  sizes  after 
cerla.i.n  tough  proliieir.s  have  bee.‘n  Licked.’  Contrary  to  the  lay  viei;, 
small  sizes  do  not  guarantee  small  research  and  development  problems!  — 
Quite  tbe  contrai-y!  in  many  cases,  v.’orking  witli  medium  size  devices  can 
simplify  and  accelerate  R.  S D.  This  is  especially  true  in  dealing  \;ith 
completely  new  technologies  sucii  as  economical  heat  exchangers,  cer^UTlic 
components,  low-pollution  combustors,  wave  engines,  fuel  cell's,  and 
improved  energy-  storage  systems. 

For  all  these  reasons,  it  is  unfortunate  that  constructive  inter- 
action beticeen  oux'  defense  needs  and  our  peacetime  engine  needs  appears 
to  have  been  neglected.  The  new  Federally- financed  study  must  rectify' 
this  deficiency  by  bri.nging  the  poi;er  of  our  Defense  R.  D.  structure 
to  bear  on  tlie  problem.  Inter-dcpartmental  jiurisdictional  questions 
must  be  briisbed  aside  to  achieve  total  national  objectives  at  minimum 
cost. 

Conclusion 

Tlio  initial  •JPL  study  (sponsored  by  Ford  Motor  Company),  "Sh.ould 
V.'e  Have  A Now  Ingino?",  is  a major  landmaj-k.  It  opened  the  door  and 
made  preiiminary  reconr.enda lions  for  solving  one  of  oiu'  most  serious 
national  pruliJems.  11  is  nov'.'  generally  agreed  lliat  wo  du  in  Fact  '’need 
a now  engine."  The  decision  by  FRDl  "...  to  update,  expand  and 


36-13 


77-40 


correct  ..."  ll’.o  initial  report  is  far-sighted.  The  follov:-on  sthd;/ 
should  be  financed  i^iore  adequately  so  as  to  provide  means  for  (1)  more 
flexibility  in  research  approaclies;  (2)  a broader  base  for  technical 
input  and  reviei:;  ('))  avoiding  premature  commihnent  of  K.  S-  D.  effort 

I 

to  eaa-ly  choices;  (4)  incentives  to  generate  research  leverage  tlu'ough 
greater  contribution  b^’  industry;  and  (5)  serious  attention  to  tlie  re- 
lationship bet-v.-een  our  defense  needs  for,  and  defense  .contributions  to, 
a new  engine. 
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Critique  by 

Arthur  F.  Underwood 
155  Tree  Top  Lane 
Rochester,  Ml  48063 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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JET  PROPULSION  LABORATORY 


California  Instilule  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-7 7-190-37 

June  29,  1977 


Mr.  Arthur  F,  Underwood 
155  Tree  Top  Lane 
Rochester,  MI  48063 

Dear  Mr.  Underwood: 


Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

The  information  on  "Alternative  Power  Plants  for  Autos"  that  you  sent  to 
Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  was  forwarded  to  us  in  accordance  with  a restructuring  of  the  auto- 
motive studies  as  described  in  the  enclosure.  We  were,  of  course,  very 
interested  in  comparing  your  views  with  those  expressed  in  the  subject 
study. 

There  is  no  doubt  that  we  need  a large  improvement  in  battery  technology 
in  order  to  make  the  electric  car  a serious  all-around  contender.  We 
feel,  however,  that  considerably  less  than  your  lower  limit  of  a ten-fold 
improvement  in  the  battery  energy  capacity  (if  obtained  with  reasonable 
economic  aspects)  would  be  acceptable  for  a reasonable  volume/weight  ratio 
specialty  car. 


We  appreciate  your  comments  and  hope  that  your  interesting  follow-up 
article  is  published. 


Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HECicr 

Enclosure 
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Arthur  F,  Underwood 

155  TREE  TOP  EANE 
ROCHESTER,  MICHIGAN  48063 
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or 

The  Seven  Cootly  Yeerc 
by  Ar  Lhur  F.  Underivood 

In  the  Aui"’:nt  1970  issue  of  "ilachine  Design”, an  article 
was  published  by  the  author, under  the  title  "Requien  for  the 
Piston  Engine?”.  "Piston  Engine"  was  used  to  identify  the  Otto 
engine.  In  addition  to  it, all  the  other  popular  alternatives 
were  considered  and  evaluations  were  made  on  each  one.  The 
conclusion  at  the  end  of  1969  ,v/hen  the  article  was  actually 
'written ,v;as  that  the  Stirling  and  some  type  of  P-phase  combustion 
engine  (the  diesel  is  in  this  classification)  were  the  tv/o 
loaders. 

Some  seven  years  later  it  seems  to  be  anpropriate  to  review 
the  results  of  the  billions  of  dollar^expended  on  alternate 
pov.'er'^ nlants  and  to  look  ahead  a similar  neriod  of  time.  In  other 
words, this  report  is  a management  guide  and  aid  in  planning 
research  and  development  of  automotive  power  .systems. 

Hundreds, if  not  thousands., of  technical  reports  are  available 
v/ith  excellent  to  bad  data  and  conclusions.  As  Hr. Kettering  used 
to  say:  "Every  library  shoxild  have  a pl-aque  over  the  door  s-aying 
^Half  the  information  is  v;rong;we  don't  know  v/hich  half.*'^ 

In  1969jdriveability, performance, cold-starting  and  fuel 
economy  had  to  be  good  to  excellent  according  to-  the  ov/ner’s 
opinion  of  acceptable  compromises. Emissions  were  being  improved. 
The  o'.vner  expected  a car  which  had  good  driveability , per fomance, 
cold-starting, etc  with  fuel  economy  at  the  top  of  the  list. Then 
the  .Clean  Air  Act  of  1970  mandated  a 90'^  reduction  in  emissions. 
The  fuel  economy  suffered  and  the’  Arabs  mandated  the  fuel  crunch. 
The  obvious  question  is: how  do  we  greatly  improve  fuel  economy 
and  yet  retain  as  mucli  as  possible  of  the  good  driving 
characteristics. 
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There  is  increasing  evidence  that  some  common  sense  may  yet 
prevail  in  the  natter  of  emissions  standards. Most  certainly, 
based  on  present  knowledge , the  NOX  should  be  in  the  1,5~H,0  range, 

OTTO  e:)gt;:e 

As  predicted  in  my  1969  article, the  Otto  engine  will  be 
around  for  a long  time..  There  continues  to  be  at  least  two  good 
reasons, 

1.  The  industry  is  set-up  to  make  and  service  them  and  by 
patch-v.'ork  engineering  hove  been  able  to  keep  in  business  b^'^ 
meeting  the  only  mandated  requirement ’emissions ' , Until|recently , 
no  consideration  was  given  by  the  authorities  to  the  other  import- 
ant requirements. 3y  ever-increasing  *|add-ons"  at  ever  -increasing 
costs, these  requirements  for  better  fuel  economy , driveability ,e tc 
are  being  upgraded. This  work  has  been  thoroughly  documented  in 
public  print  and  there  is  no  need  to  even  review. it  here. 

2,  The  diversion  of  funds  to  keep  abreast  of  mandated 
requirements  has  made  a real  (perhaps  unreal , sometimes)  reason 
tc^^ieglect  working  on  alternate  powerplants. As  will  be  indicated 
later, the  investment  of  a few  tens  of  million  dollars  in  alternate 
pov;erplants  v;ould  have  produced  useful  results, if  it  had  been 
correctly  applied. Some  authorities  have  concluded  that  in  the 
past  ten  years, some  S 1 ,000,000,000  have  been  spent  in  the  U.S.A. 
alone, on  rotary  engines. 

DIESEL 

Two-phase  combustion  should  bo  used  to  identify  this  typo  • 
of  engine, one  of  which  is  the  diesel. ‘A  rich  mixture  is  ignited 
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by  coniprcsGion'  ignition  and  the  final  burn  is  in  a lean  mixture 

combustion. This  is  one  important  area  where  research  should  have 

been  carried  on  intensively  for  the  past  10  to  13  years  so  that 

the  industry  would  have  a first-class  "diesel"  when  it  is 

needed, -which  is  now.  If  the  industry  is  to  be  critized  for 

more 

dragging  its  feet, government  agencies  are  open  to^severe  cribicism 
for  not  pouring  dollars  into  "diesels"  instead  of  many  other  year 
2000  projects. 

"Diesels"  do  not  have  to  be  snokey, noisy , heavy  and  stinhey. 

It  is  interesting  that  rather  good  2-phase  combustion  engines  are 
today  running  on  American  roads  or  are  running  in  testing  operation 
They  are , all, efforts  of  foreign  companies  or  smaller  American 
companies. V/e  can  only  hope  that  someplace  in  the  U. 3. A..  , someone 
has  a secret  development  which  will  soon  spring  forth  a quiet, 
non-stink, "light-weight", high  mileage  "diesel"  acceptable  to  a 
large  portion  of  the  American  drivers. 

"There  is  no  substitute  for  experience"  is  particularly  true 
in  this  area. Much  of  the  ne-wer  technology  is  available  but  there 
are  woefully  few  engineers  v/ho  have  had  design  and  testing  expericn 
to  apnly  it. Buckets  of  dollars  will  not  yield  overnight  correction, 
but  proper  building, on  experienced  individuals, will. 

The  1969  recommendation  for  ."diesel"  engines  is  still  sound. 


STIRBTIfG 

It  may  be  difficult  (if  not  embarrassing)  .to  recall  whore 
this  engine  was' in  1969. Because  of  a license  agreement, only  one 
American  company  was  v/orking  on  the  modern  Stirling  engine. 
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Its  many  detractors'  claimed  it  was: 

i 

1 . Too  heavy 

2.  Too  big 

3.  Not  flexible  to  acceleration  and  deceleration 

4.  Hard  to  start 

5.  Extremely  expensive 

6.  Required  a bigger  radiator 

This  was  done  in  suite  of  the  fact  that  long  term  tests  and  a 

■*  \ 

. nev;  swashplate  d-esign  ,sho'.ved  the  exact  opposite . However , it  still 
is  not  known  ho'w  much  more  costly  the  Stirling  mig’it  be  compared 
to  the  comnlcte  Otto  engine  with  emission  controls. 

Hearlv  everyone  agreed  that  the  engine  was: 


1 . Quiet 

' 2. An  honest  33-40?-^  thorm^Tjefficicncy 

3.  An  extremely  low  emitter  of  poliuti' 

4, Truly  multi-fuel 
In  April  1976, the  Ford  Motor  Co.,  held  an  exclusive  contract 


poliutioryprbducts 


and  had  a 3 demonstration  of  the . swashplate  engine  in  a Torino. 
V/hen  published, the  results  should  be  interesting. 

It  is  this  author’s  opinion  that  it  may  take  up  to  10  years 
for  it  to  appear  in  a car, but  there  are  many  near-term , not  so 
cost  conscious  applications  that  v;ill  appear^because  of  high 
'efficiency , quietness  and  high  Sidaptability  to  total  energy 
installations  as  v/ell  as  solar  heat. 

Reliable  data  are  available  in  reports  by  Philips, Ford  and 
General  Motors. The  Ford  sponsored  JPL  report  on  alternative 
powerplants  has  a section  on  Stirling  engines. 

The  1969  recommendation  for  intensified  development  (the 
research  phase  is  suite  well  in  hand), is  still  valid. 


GAS  TU^FIMF 

When  General  Motors  made  and  'demonstrated  ■ the  first  ' turbine 
powdered  American  car,  "The  Firebird  I*', in  the  early  ’50's,it  had' 
several  bad  features: Slow  response  from  a standing  start, high 
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consumption, high  cost, rather  noisy  and  high  emissions. The  sub- 
sequent 25  years  brought  substantial  progress  in  those  areas. 

The  fuel  consumption  is  too  high  for  an  auto  and  the  engineers 
say, as  25  years  ago, that  "all  we  need  to  do  is  to  run  high 
temperatures  and  to  increase  the  efficiency  of  the  components". 
Projects  have  been  funded  and  yet  more  progress  is  needed. Cost 
has  be.en  reduced  but  a regenerator  has  had  to  be  added. This  one 
item  can  be  as  expensive  as  the  total  cost  of  an  Otto' engine. 

Fuel  consumption  has  been  improved-  but  often  by  making  a 
smaller  engine  in  a smaller  car. One  must  be  careful  about  this 
"honest  gimmick"  as  it  does  not  represent  a fundamentel  improve- 
ment in  efficiency, For  instance, the  use  of  an  infinitely  variable 
transmission  can  improve  starting  acceleration  and  mpg,but'it 
can  not  be  credited  to  the  gas  turbine. 

A particularly  forthright  paper  on  gas  turbines  v;as  written 
by  Tibor  F.Hagey , General  Motors  Corp.  and  published  by  ASMEl  a fe’.v 
5'ears  -ago, 

V/e  don't  need  more  gas-turbine  cars  except  for  their  public 
relations  value  (which  can  be  valuable) .Money  should -go  into 
projects  related  to  technical  problems  of  components, 

STEAM  CkUS 

The  numerous  projects  on  this  car  have  more  than  amply 
demonstrated  thot  the  steam  car  never  should  have  been  "dug  up". 

Space  age  technology  was  to  be  the  modern  touch. No  improvement 
has  been  demonstrated  ovep  the  50  .year  old  steamers, Taxpayers 
and  individuals  have  lost  millions  of  dollars. 

Practically , the  only  "improvement"  has  been  to  put  smaller 
engines  in  smaller  cars, which  any  engineer  would  know, gives  more  mrg. 
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A steam  pov/cr^’plant  is  complicated  and  costly. 

It  is  very  difficult  to  understand  v/hy  taxpayers’  money 
should  be, or  over  v/as, spent  hero, except  to  keep  someone  busy. 


ELECTRICS 

These  really  should  not  be  considered  in  a serious  discussion 
of  cars. They  are  satisfactory  for  specialized  applications  in 
specific  operations. One  thinks  of  golf  carts, use  in  senior  citizen 
complexes, delivery  v/agons  in  England. 

The  battery  remains  a principal  obstacle. In  fact, many  engineers 
maintain  that  tv;o  types  of  batteries  are  required  to  optimize 
operation.  "Anyone"  can  design  another  vehicle  for  electric  pov;er 
but  v/e  need  a battery  v/iih  ten  to  a hundred  times  the  capability 
of  the  present  box  to  make  it  interesting. 


WANKSL  ENGi:-E.3 

V/hen  the  author  submitted  his  1969  manuscript,  the  Editor 
requested  a separate  section  on  the  V/ankel  en'gine , which  v/as  "the 
coming  savior  of  the  engine  problem". Having  visited  HSU, 

Neckcrsulm, Germany  almost  yearly  since  it  appeared -on  the  horizon, 
the  author  had  pointed  out  that  there  were  certainly  many  advantages 
small  size, low  weight  uer  hp.  and  ability  to  run  fast, 

. On  the  other  hand, serious  problems  had  to  be  overcome  before 
a viable  engine  could  be  sold. The  first  was  sealing  for  the  rotor. 
V.'hon  cra.nking  it  by  hand,  there  was  no  compression. V'hen  running, 
it  had  horrendous  blow by. The  burning  occurred  in  an  area 
(or  volume)  which  was  never  alternately  cooled, as  in  a regular 
Otto  engine . '"here  was  one  good  feature  of  the  big  blov/by,-it  gave 
a large  amount  of  fuel  in  the  exhaust  to  rroducc  an  afterburner. 
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As  far  as  the  author  knov;s,  there  is  no  final  report  on  this 
engine. The  only  reason  for  including  a reforance  nov.',is  to  close 
that  part  of  the  1969  article. 


FUEL  CELLS 

From  information  that  the  author  has  received  from  competent 
sources, significant  practical  progress  has  not  been  made  towards 
their  use  in  cars.  It  is  a grand  v/ay  to  spend  money,  if  you  '.vant  to 
go  to  the  moon  or  Titan. 


J S S ~r  Tlyx 

L~ 

A J A'i  ( 

V 
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Critique  by 


Robert  Spies 
1698  Cotter  Place 
Encino,  CA 
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California  L iCEN'.r: 
. M-110-73 


ROBERT  SPIES 

CONSULTING  ENGINEER 
16SBO  COTTER  PL. 
ENC1NO,  CA. 


March  9«  19?6 


Mr.  Robert  Mercure 

Project  Officer  for  Highway  Vehicle  Systems 
Division  of  Transportation  Energy  Conservation 
Energy  Research  and  Development  Administration 
20  Massachusetts  Avenue,  N.V/. 

Washington,  D.C.  205^+5 

Dear  Bob: 

It  v^as  good  to  see  you  again  and  have  dinner  with  you.  I am 
forwarding  the  enclosed  article  which  I am  sure  you  have  al- 
ready seen  because  it  struck  me,  as  we  lawyers  say,  right  on 
point. 

In  the  case  of  the  alternative  pov/erplant  we  have  an  identified 
area  of  new  technology  and  we  need  to  find  means  for  the  pri- 
vate sector  to  deliver.  As  Mr.  Fri  says,  ERDA  has  to  give 
the  technology  away.  But  what  technology  and  to  whom?  The 
jpl  study  has  not  gone  far  enough  because  of  the  limitations 
imposed.  It  has  only  identified  broad  technology  problems 
because  of  simplifications  made,  and  has  had  to  say  that 
the  technology  v.’ill  be  _ava j labl e when  needed  because  it  must 
be.  'We  think'  that  it  iS  imperative  for  ERDA  to  identify  the 
technology  gaps  in  detail  so  that  the  private  sector  can  re- 
spond, plug  the  gaps,  and  deliver  the  systems.  If  ERDA  is 
to  "sell  what  v/e  have  developed  to  provate  industry"  it  must 
kno.v  wliat  its  technology  product  is.  Then  industry  can  re- 
spond and  "buj'-"  . 

I have  tentative  plans  to  be  in  the  D.C.  area  during  the  w’eek 
of  March  15*  If  I possibly  can,  I will  give  you  a ring  and 
maybe  we  can  get  together. 

Sincerely, 

Robert  Spies 


38-2 


7740 


Critique  by 

University  of  Minnesota 
Department  of  Mechanical  Engineering 
125  Mechanical  Engineering  Building 
Minneapolis,  MN  55455 

and 

Response  by 

Jet  Propulsion  Laboratory' 
Pasadena,  C A 91103 
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JET  PROPULSION  LABORATORY 


California  Institule  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91108 


RE:  34LPE-77-198-39 

June  29,  1977 


Professor  Thomas  E.  Murphy 
Department  of  Mechanical  Engineering 
University  of  Minnesota 
125  Mechanical  Engineering  Bldg. 
Minneapolis,  MN  55455 

Dear  Tom: 


Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  A New  Engine?" 


Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  forwarded  your  letter  to  us  for  response  in  accordance  with  our  obli- 
gations under  a restructured  program,  as  described  in  the  enclosure.  Your 
penetrating  letter  contains  incisive  review  comments  on  the  gas  turbine  and 
Stirling  portions  of  the  study  as  documented  in  the  subject  report. 

In  regard,  to  Brayton  machines,  we  acknowledge  your  reservations  regarding 
the  inherent  limitations  of  scaling  down  the  size  of  the  gas  turbine.  How- 
ever, in  our  view,  this  in  itself  does  not  conclusively  prove  the  infeasibility 
of  automotive-sized  gas  turbines.  It  does,  however,  put  more  emphasis  on  the 
need  for  higher  cycle  temperatures  to  obtain  good  fuel  economy.  In  response 
to  your  suggestion,  we  will  review  the  analysis  of  the  Brayton  cycle  with  a 
critical  eye  to  revised  component  efficiencies  as  affected  by  scaling  factors . 


In  reference  to  the  Stirling  engine,  we  will  defer  detailed  comment  at  this 
time  on  your  concerns  about  its  size  and  weight  relative  to  the  Otto  engine. 
The  multifuel  capability  of  the  Stirling  engine,  of'  course,  is  an  attractive 
feature,  and  this  attribute  will  be  of  increasing  importance  in  the  future. 


All  of  your  points  will  be  addressed  in  appropriate  Technical  Task  Summaries 
mentioned  in  the  enclosure.  We  are  very  appreciative  of  the  interest  you 
have  shown  in  the  study  and  the  effort  you  made  to  review  it , and  we  look 
forward  to  a continued  Interchange  of  data  with  you. 


rill.  Project  Manager 
Technology  Status 
ections 
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> TWIN  CITIES 


Department  of  Mechanical  Engineering 
125  Mechanical  Engineering  Building 
Minneapolis,  Minnesota  55455 


April  20,  1976 


U.S.  Energy  Research  and  Development  Administration 
Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.W. 

Washington,  D.C.-  20545 

Attention:  R.  Mercure 

Gentlemen: 

The  report  by  the  Jet  Propulsion  Laboratory  on  long-range  goals  for  power 
plants  for  the  automobile  of  the  future  comes  to  some  erroneous  conclusions. 

Some  very  fundamental  parameters  involved  in  the  areas  of  thermodynamics,  fluid 
friction,  and  heat  transfer  have  apparently  not  been  fully  recognized  as  one 
scales  the  power  system  up  or  do\m  in  size.  This  results  in  incorrect  estimates 
of  thermal  efficiency  and  the  resulting  fuel  consumption. 

At  the  University  of  Minnesota  a two-year  study  of  power  source  systems, 
beginning  in  1953,  was  made  for  the  Signal  Corps  of  the  United  States  Array, 

Contract  No.  DA-36-039sc-56649,  under  the  direction  of  Dr.  Ne\«nan  A.  Hall,  Head 
of  the  Povjer  and  Propulsion  Division  of  the  Mechanical  Engineering  Department. 

I had  the  privilege  of  doing  one  of  the  sections  of  that  report. 

We  Teamed  in  this  study  that  the  most  important  characteristic  of  all  power 
systems  is  that  each  one  has  an  optimum  power  range  in.  which  one  achieves  maximum 
thermal  efficiency  (minimum  fuel  consumption)  and  minimum  weight  or  size  (box 
volume)  per  unit  of  output. 

If  one  is  selecting  an  optimum  powder  system,  one  can  quickly  come  to  'the 
conclusion  that  it  is  ridiculous  to  power  your  watch  with  a gas  turbine  or  to  fly 
your  Boeing  747  with  a v?ind-up  spring.  As  the  pow’er  range  narrows,  however,,  the 
differences  become  harder  to  define,  and  one  must  look  for  basic  physical  parameters 
for  guidance.  This  characteristic  occurs  because  the'  losses  due  to  fluid  friction 
and  mechanical  friction  vary  differently  for  the  various  systems  as  size  changes.  , 

In  order  to  conserve  energy  for  automotive  transportation,  we  must  expand 
great  effort  to  reduce  the  power  required  by  the  vehicTe.  The  power  required  by 
any  vehicle  moving  in  a fluid  (air  or  w»ater)  increases  as  the  cube  of  the  speed. 
Therefore,  the  55  mph  speed  limit  is  a step  in  the  right  direction.  This  speed 
limits  means,  however,  that- our  automotive  power  plant  of  the  future  should  never 
exceed  a maximum  of  100  KW  and- probably  will  operate  in  the  10-20  KIJ  range. 
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The  Signal  Corps  asked  for  a recommendation  for  a lightweight  power  system  in 
the  one  to  ten  class.  We  looked  at  every  known  alternative,  including  batteries, 
mechanical  systems  (springs,  etc.),  stored  energy  (flywheels  and  fluid),  engines  or 
all  kjuds;  gas  turbines,  Stirling,  Rankine,  and  others.  We  came  to  the  conclusion 
that  the  piston  engine  was  optimum  for  this  power  range.  Therefore,  I agree  with 
the  first  conclusion  that  the  piston  engine  should  be  developed  to  the  ultimate 
linut. 

It  is  with  the  recommendation  concerning  alternate  power  plant  development 
that  I disagreel  In  our  study  we  concluded  that  the  gas  turbine  had  fundamental 
limitations  v;ith  respect  to  fuel  consumption  in  this  size  range  that  could  not  he 
overcome  by  any  amount  of  research  and  development.  The  reasons  for  these  limita- 
tions arc  explained  in  the  remainder  of  this  letter. 

In  the  various  heat  engine  cycles  the  maximum  thermal  efficiency  is  about  the 
same — 3Q  to  40  percent.  Therefore,  the  losses  due  to  fluid  and  mechanical  friction 
become  the  controlling  parameters.  In  the  case  of  the  gas  turbine,  the  mechanical 
friction  is  quite  small,  but  as  one  scales  the  engine  down  in  size  the  fluid  fric- 
tion becomes  excessive.  The  fluid  friction  occurs  in  the  wall  boundary  layer.  One 
must  have  the  same  velocities  and  fluid  properties  in  gas  turbines  of  different 
size.  This  means  that  the  Reynolds  number  decreases  with  size  and  pressure  losses 
increase  (see  figure  2.2,  page  23  in  Turbomachinery, by  Shepherd).  One  can  see 
the  same  effect  clearly  in  figure  2 of  the  paper  "An  Advanced  Automotive  Gas  Turbine 
Engine  Concept"  by  I.M.  Swatman  and  D.A.  Malone  (SAE  Transactions,  1961)  which 
shows  the  loss  of  compressor  efficiency  as  size  is  reduced  for  constant  tip  speed 
and  fluid  properties. 

In  the  Jet  Propulsion  Laboratory  report.  Volume  1,  page  55,  table  4,  the  au- 
thors indicate  design  maximum  horsepower  values  of  50-120  horsepower  with  a com- 
pact size  vehicle  at  85-90  horsepower.  The  calculated  fuel  economy  is  sho™  in 
table  5 on  page  57  of  the  report.  These  calculations  are  based  on  the  component 
efficiency  shoi;m  in  table  5-1,  page  5-6  of  Volume  2 of  the  report.  These  effi- 
ciencies were  obtained  from  a consultant.  Dr.  R.C.  Dean,  Jr.  Dr.  Dean  published 
an  article  on  the  centrifugal  compressor  which  was  published  in  Gas  Turbine 
International,  March-April,  1974.  On  page  53  of  that  article  is  shown  figure  2A, 
and  on  that  chart  are  shown  predicted  ultimate  values  for  centrifugal  compressor 
efficiencies . 

Tliese  same  values  of  component  efficiencies  are  used  in  SAE  Paper  760239, 

"The  Ceramic  .Gas  Turbine — A Candidate  Powerplant  for  the  Middle-and  Long-Term 
Future"  by  A.F.  McLean  and  D.A.  Davis.  Tlie  values  appear  in  table  1 on  page  4 
and  are  indicated  as  being  obtained  from  reference  5 at  the  end  of  the  paper  "The 
Fluid  Dynamic  Design  of  Advanced  Centrifugal  Compressors",  TN-185,  Creare,  Inc., 
Robert  C.  Dean,  Jr.,  July,  1974.  Existing  automotive  gas  turbines  have  been  de- 
signed for  about  200  horsepower  with  mass  flows  of  3-4  pounds  per  second.  Refer- 
ring to  figure  4 on  page  5 of  the  paper  by  McLean  and  Davis,  it  is  obvious  that 
for  a 2500°F  turbine  inlet  temperature  the  mass  flow  to  produce  85-90  horsepower 
would  be  less  than  0.3  pps.  It  would  seem  completely  unrealistic  to  assume  that 
even  with  an  unlimited  amount  of  effort  the  compressor  and  turbine  efficiencies 


39-4 


77-40 


Mr,  R.  Mercure 
Page  3 

April  20,  1976 


shown  could  ever  be  achieved.  In  fact,  as  the  engine  is  scaled  down  in  size  with 
increasing  turbine  inlet  temperatures,  great  effort  will  be  required  to  even  re- 
tain the  component  efficiencies  which  we  now  have. 

If  these  more  realistic  values  of  component  efficiencies  are  used,  the  fuel 
economy  of  Brayton  cycle  powered  automobiles  would  be  much  more  than  shown  in  table 
5 of  the  Jet  Propulsion  Laboratory  report.  Therefore,  I strongly  recommend  that 
the  computations  be  redone  with  new  values  of  component  efficiencies  based  on  a 
careful  study  of  the  scaling  factors  involved. 

In  the  case  of  the  Stirling  engine,  one  can  only  achieve  the  cycle  efficiency 
because  regeneration  is  used,  and  a heat  exchanger  must  be  involved.  We  found  in 
our  study  for  the  Signal  Corps  that  the  Stirling  engine  was  quite  high  in  weight 
per  horsepower  and  volume  per  horsepower.  We  came  to  the  conclusion  that  the  size 
of  the  engine  is  really  controlled  by  tiie  rate  of  heat  transfer.  The  maximum  heat 
transfer  rate  across  any  metal  surface  is  about  16  ICs'/sq.m.  The  equivalent  heat 
generation  rate  in  an  engine  flame  is  about  16,000  K\7/sq.m.  There  is  almost  three 
orders  of  magnitude  difference  here.  One  comes  to  the  conclusion  that  the  Stirling 
engine  would  never  approach  the  spark  ignition  engine  in  weight  per  hp  or  size  (box 
volume)  per  hp.  In  the  case  of  the  passenger  car,  where  weight  and  size  are  criti- 
cal (80-90  percent  of  the  problem;  see  SAE  SP  383  dated  1973),  it  V70uld  seem  unwise 
to  spend  much  effort  on  such  a po^^er  system.  The  Signal  Corps  was  much  impressed, 
however,  with  the  low  noise  level  and  multifuel  capability  of  the  Stirling  engine. 
Others  are  impressed  with  its  lox7  emissions. 

Sincerely, 

Thomas  E. 

Professor 

Ijs 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-196-40 

June  29,  1977 


Mr.  Harold  A.  Backus,  President 
Backus  Devices 
Box  333 

Wynnewood,  PA  19096 
Dear  Mr . Backus : 

SUBJECT:  Critiques  of  JPL  Report  SP4 3-1 7,  *' Should  We  Have  A New  Engine?" 

Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development' Administration  (ERDA) 
forwarded  to  us  your  letter  concerning  the  Backus  Combustion  System  for  response. 
This  is  in  accordance  with  our  work  statement  as  summarized  in  the  enclosure. 

While  the  subject  report  did  not  directly  address  alternative  engine  concepts  at 
the  subsystem  level,  we  are,  of  course,  interested  in  ideas  which  hold  promise 
of  better  emissions  control  and/or  more  efficient  combustion.  As  you  are  aware, 
the  general  approach  of  pre-treatment  of  fuel  prior  to  combustion  has  been 
attempted  by  ntraierous  investigators  with  varying  degrees  of  success.  We  see 
several  difficulties,  some  of  which  we  think  are  of  a fundamental  nature,  that 
must  be  overcome  before  the  Backus  Combustion  System  can  be  reduced  to  success- 
ful working  hardware. 

The  prebumer  may  suffer  two  problems.  First,  the  overall  air/fuel  ratio  may 
be  far  too  rich  to  sustain  combustion.  Secondly,  our  own  experience  in  the  rich 
combustion  regime  has  been  that  some  of  the  fuel  is  cracked.  This  produces  ele- 
mental carbon  and  tar-like,  partially  oxygenated  hydrocarbons.  These  cracking 
products  lead  to  clogging  of  small  passages  and  to  deposits  which  can  signifi- 
cantly alter  the  geometry  of  downstream  ducts,  baffles,  etc. 

Mixing  of  the  gasified  fuel  with  preheated  air  may  be  difficult  to  achieve  with- 
out developing  regions  in  which  the  local  air/fuel  ratio  varies  drastically  from 
the  overall  mean.  Mixing  the  gaseous  fuel  and  hot  air  by  means  of  a shear  layer 
will  generate  local  eddies.  Distribution  of  the  fuel  and  air  within  the  eddies 
will  almost  certainly  vary  from  the  mean.  Some  combustion  will  take  place  at 
near  stoichiometric  conditions,  and  hence  at  temperatures  much  higher  than  that 
required  to  suppress  NO^  formation. 
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It  is  not  obvious  that  the  dilution  zone  should  be  eliminated,  since  the 
purpose  of  dilution  downstream  of  the  primary  tinit  Is  not  only  cooling,  but 
also  the  shaping  of  the  temperature  profile  to  the  turbine.  As  to  your  point 
in  regard  to  advantages  in  the  afterburner  and  the  elimination  of’  the  flame- 
holder,  this  approach,  as  you  may  be  aware,  has  been  tried  many  times  without 
success.  With  regard  to  eliminating  torch  ignition,  choking  of  the  main  flow 
would  be  required  as  well  as  a high  intensity  spark  source. 


We  value  your  comments  and  hope  to  continue  an  interchange  of  information  on 
alternative  power  plants.  Many  of  the  points  you  raised  will  be  addressed 
in  appropriate  Technical  Task  Summaries,  as  mentioned  in  the  enclosure. 


Sincere 


Cbtrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HEC;cr 
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BACKUS  DEVICES 

INCORPORA  TED 


Box'  333  WYNNEWOOD,  PA.  19096 
May  1^,  1976 


Mr.  Robert  Mercure, 

E.R.D.A;  Transportation  Energy, 

20  Mass.  Ave., 

Washington,  D.  C . 205^5 

It  was  a pleasure  to  talk  with  you  and  I am 
hopeful  that  our  conference  next  Friday  will  be  fruitful. 

I am  enclosing  six  sheets  that  give  a very 
preliminary  outline  of  the  proposed  combustion  system. 

This  system  has  adaptability  to  all  liquid  fuel  burning 
heating  and  power  equipment.  The  concept  of  treating 
the  fuel  to  a distinct  two  stage  preparation  for  combustion 
is  unique.  Many  schemes  are  presently  doing  a half-way 
job  of  fuel  treatment,  including  preheating, stratified 
charge,  prechamber  injection,  etc,  all  with  residual 
difficulties  and  shortcomings. 

For  turbines,  the  present  combustor  would  be 
converted  in  space  arrangement  to  an  upstream  "flash” 
generator  of  gasified  fuel  premixed  v/ith  products  of 
combustion  (from  burning  2%  of  the  fuel  to  heat  and 
gasify  the  rest  of  the  fuel) , follcv/sd  by  the  downstream 
main  combustion  nozzles  with  air  admixtiore.  The  fuel 
would  be  burned  in  the  correct  amoxmt  of  excess  air  to 
maintain  proper  temperature  I'eduction  and  control  for 
introduction  to  the  turbine. 

Of  additional  interest  to  Mr^  Patrick  Sutton 
would  be  the  application  to  piston  and  Wankol  engines 
where  the  result  would  be  a sort  of  "super-diesel”  with 
injection  of  hot  gasified  multi -fuels.  Conq>uter  analyses 
show  very  low  specific  fuel  consumption  rates  and  the 
basic  concepts  provide  the  utmost  favorabillty  for 
eliminating  pollutants,  especially  NO^ 

I trust  this  introduction  will  suffice  for  the 

present. 


Sincerely  yours, 

Harold  A.  Backus,  pres. 
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BACKUS  DEVICES 

iNCORPORA TED 

Box  333,  WYNNEWOOD,  PA.  19096 
June  7,  1976. 

Mr . Robert  Hercure , 

E.R.D.A;  Transportation  Energy, 

20  Maas  Ave . , 

Washington,  D.  C.  2054^ 

Dear  Mr.  Mercure; 

I am  pleased  that  in  our  teleohone  conversation 
of.  Thiarsday,  May  2?th  you  suggested  getting  J.P.L.  to 
review  this  subject  of  the  Backus  Combustion  System  as 
applied  to  turbines.  I believe  you  have  already  sent 
them  the  6 pages  I forwarded  to  you. 

Herewith  are  7 more  pages  giving  a detailed, 
explanation  of,  the  system,  its  performance  and  its  ad-  ' 
vantages  for  transmission  to  J.P.L. 

please  understand  that  I am  ready  to  answer 
any  comments  that  are  made.  I further  trust  that  this 
project  can  be  kept  ciirrently  active  in  the  hope  of 
interesting  the  proper,  parties  in  its  development* 

Sincerely  yours, 

Harold  A*  Backus,  pres* 
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Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 
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JET  PROPULSION  LABORATORY 


California  Inslitute  of  Technology  • 4SOO  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-193-41 

June  29,  1977 


US  Array  Materiel  Command 
TSARCOM 

4300  Goodfellow  Blvd. 

St.  Louis,  Missouri  63120 

Attn,:  Mr.  Albert  Hall,  BIS,  MA 

TSARCOM  Equipment  Manager 


Dear  Mr . Hall : 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  forwarded  to  us  your  letter  of  2-5  June  1976  in  accordance  with  our 
restructured  program  as  described  in  the  enclosure.  As  you  know,  the  objective 
of  the  subject  study  was  to  assess  possible  alternatives  to  present-day  IC 
engines  for  automobiles  which  offer  a promise  of  an  increase  in  fuel  economy 
and  a decrease  in  emissions  while  retaining  performance  and  marketability. 

Your  concepts  regarding  overhauling  a worn  engine  or  exchanging  it  for  a similar 
new  engine  affects  the  life-cycle  cost  of  an  automobile,  and  thus  is  an 
important  parameter  in  automotive  systems  optimization  studies.  In  the  subject 
study,  however,  the  parameters  selected  for  optimization  were  emissions  and  fuel 
economy. 

Our  automotive  assessment  work  has  been  restructured  under  ERDA  funding  as 
described  in  the  enclosure  which  also  includes  a summary  of  the  follow-on 
work.  Cost  factors  will  be  included  in  this  phase  also,  but  we  feel  that  first 
priority  must  be  given  to  emission  and  fuel  economy  issues.  We  appreciate  your 
interest  in  the  previous  study,  and  are  pleased  to  have  this  opportunity  to 
respond  to  your  letter. 


Enclosure 

HECtgpa 
Telephone  354-4321 


H.E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Proj  ections 
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Division  of  Transportation 
Energy  Conservation 
20  Massachusetts  Ave.,  N.W. 
Washington,  D*C.  20545 


Dear  Sir, 

Referencing  article  "Should  We  Have  A New  Engine?", 
Diesel  and  Gas  Turbine  Progress,  June  76,  enclosed  you 
will  find  a copy  of  Proposed  MIL-STD,  Definition  and 
^Classification  of  Deficiencies  Overhaul  Maintenance. 

TROSCOM  recognized  the  need  for  such  a document  four 
years  ago  for  many  reasons.  The  principle  reason  was 
that  many  of  our  overhaul  documents  (approx.  135)  used 
nebulous  terms  such  as  check  for  leaks,  remove  dents  and 
corrosion,  connections  shall  be  tight,  etc.  The  documents 
would  be  written  at  different  divisions,  thus,  it  was  not 
always  possible  to  be  precise  even  when  the  same  engine 
was  used  in  two  or  mdre  applications  i.e.,  Caterpillar 
D333'in  Marine  application  and  the  same  engine  used  two 
years  later  in  electrical  generator  application. 

There  were  additional  complications  when  considering 
the  extent  of  overhaul.  In  some  cases,  it  may  be  only 
those  repairs  necessary  which  led  to  interpretations  all 
the  way  to  complete  rebuild.  This  could  be  very  costly 
in  repair  parts  but  inspection  costs  were  low.  Limited  - 
overhaul,  on  the  other  hand,  required  intensive  inspection 
■ and  judgement  with  some  sayings  in  parts  that  could  be 
reused. 
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As  a reference,  the  vriter  inigh.'T:  use  a Style 

Guide  or  another  r.anual.  v-onerally  . rhis  wns  economical 
and  sufficient  when  r.ost  ct  the  worfc  was  in 

Military  Depots.  if  the  wcrX  was  u-tsatisfacl  i"‘y » controls 
were  exercised  internally  within  the  military  j^ystem, 
thus,  the  depot  had  to  protect  its  r'eputatiou  ^*nd  there 
was  little  need  for  recouree  to  the  courts  Qlw'nld  disputes 
arise. 

However,  as  the  depots  closed,  a crend  dcv«^Iopsd  for 
commercially  contracted  maintenance  amd  the  tt^ed  for  more 
sophisticated  overhaul  specif icaticns  was  obvh'‘ns. 

In  surveying  the  problem.  TROSCOM  looked  at  procure- 
ment techniques  used  in  buying  NEV7  erccipmenL.  Here 
thousands  of  industry  and  governmer.c  specifications  and 
standards  existed.  These  evolved  through  yr^n  i a of 
experience  and  were  developed  by  a cechnical  ataff  of 
engineers  and  specialists.  The  overhaul  buslM'^ss  did  not 
have  these  advantages.  A program  was  establlahed  to 
close  this  gap  and  focused  on  the  srraller  iorni'^s  inten- 
tionally. A manufacturer*  who  makes  a $10,000  engine  will 
give  great  detail  to  the  tolerances  and  liinilh  fo^r  wear 
and  replacement  of  moving  parts  but  chere  i«  mention 
of  an  acceptable  dent  in  the  gas  ta.ck  or  muriJ^t. 

Khen  the  proposed  MIL-STD  is  adcpced,  it  v/iil  estab- 
lisc  a common  reference  or  scale  for  writer^  ^ o use  when 
®P^^-~ying  their  overhaul  requirements.  It  v/l  H reduce 
the  arguments  between  maintenance  overhaul  p<->/flonnel 
and  quality  control  inspectors.  The  military  customer 
nave  a dent  in  his  radiator  but  it  will  cheaper 
than  a new  one.  The  throw  away  concept  is  no  longer 

The  standard  may  have  grov/ing  pairi?i  but  it  will 
as  an  important  tool  to  specifying  econbrnical 
overhaul  or  "Should  We  Have  A New  Engine?" 
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California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE- 7 7-202-42 


June  29.,  1977 


Mr.  Kenichi  Yamomoto 
Director  and  Manager 
Rotary  Engine  Development  Division 
Toyo  Kogyo  Company,  Ltd. 

6047  Fuchu-Machik  Aki-Gun 
Hiroshima,  Japan 

Dear  Mr.  Yamomoto: 

SUBJECT':  Critiques  of  the  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Your  informative  letter  to  Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and 
Development  Administration  (ERDA)  on  the  rotary  engine  aspects  of  the  subject 
report  has  been  referred  to  us  for  response.  The  explanation  for  our  respond- 
ing at  this  time  is  explained  in  the  attachment,  which  also  summarizes  our 
restructured  program. 

The  technical  data  included  with  your  letter  indicates  that  considerable  strides , 
have  been  made  by  Toyo  Kogyo  in  the  development  of  the  rotary  engine  since  pub- 
lication of  the  subject  study.  We  were  pleased  to  be  made  aware  of  this  prog- 
ress and  hope  you  will  share  with  us  the  results  of  further  development  activities , 
especially  regarding  the  stratified  charge  version  of  the  rotary  engine. 

Regarding  the  classification  of  the  Wankel  engine,  we  did  not  designate  it  as  a 
"mature"  configuration  because  at  the  time  the  report  was  written  we  did  not 
view  it  as  competitive  with  the  uniform  charge  Otto  Cycle  engine.  It  was 
selected  as  an  "advanced"  configuration  because  we  thought  that  certain  key 
technological  improvements  in  the  Wankel  were  likely  to  occur  in  the  future. 

These  improvements  are  described  in  pages  3 through  15  of  Volume  II  of  the 
subject  report,  and  I think  you  will  agree  that  a Wankel  engine  having  these 
improvements  should  not  be  classified  as  a "current"  technology  rotary  engine. 

In  conducting  automotive  technology  assessment  for  ERDA  we  will  include  a re- 
evaluation  of  the  rotary  engine  and  will  Incorporate  it  in  an  appropriate 
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Technical  Task  Svmmary  (TTS) . The  several  points  you  made,  along  with  simi- 
lar ones  by  other  respondees,  will  be  discussed  in  the  TTS.  We  appreciate 
your  review  of  the  report  and  look  forward, to  a continued  interchange  of 
information. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


HEC:gpa 


Enclosure 


TOYO  Kocro  CO., LTD. 


S047  FUCHU-MACHI.  AKl-OUN,  HIROSHIMA. 

PHONE:  HIROSHIMA  62-1111 

CABLE  ADDRESS:  TOYOKO  HIROSHIMA 


JAPAN  TELEX:  JAPAN  652-333 

BRANCH  OFFICES;  TOKYO.  OSAKA 
ESTABLISHBO:  JANUARY  1020 


June  28,  1976 


Mr.  R,  Mercure 

U.  S.  Energy  Research  and  Development 

Administration 

Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N,  W. 

Washington,  D.  C.  20545 
U.  S.  A. 


Dear  Mr.  Mercure, 

I have  received  your  letter  of  May  18  requesting  my  comments 
on  the  JPL  report  entitled  " Should  We  Have  a New  Engine  ? 

The  rotary  engined  cars  are  currently  mass-produced  at  our 
company  and  research  and  development  work  on  our  rotary  engine  is 
still  being  carried  out  in  order  to  obtain  higher  thetmial  efficiency, 
lower  exhaust  emissions,  better  driveability  and  lower  production 
cost  as  a better  powerplant  while  meeting  basic  requirements  for 
an  automotive  engine. 

We  believe  that  the  most  essential  factors  required  for  future 
automotive  powerplants  are  compactness,  lightness,  and  lower  NOx 
emission  level  which  are  inherent  advantages  of  the  rotary  engine, 
as  stated  in  the  said  report  of  Vol,  IIo 

Following  are  my  comments  on  the  said  report.  Data  on  our 
rotary  engine  are  enclosed  for  your  reference. 


Comments : 

(1)  Considering  the  fact  that  the  rotary  engined  cars  are 

currently  being  mass-produced  and  sold  in  the  world-wide 
markets,  it  seems  to  be  unappropriate  to  classify  them  in 
an  *'  Advanced  " group  as  in  the  said  report  of  Vol.  II. 

When  comparing  the  rotary  engined  cars  with  the  conventional 
engined  cars  with  comparable  engine  size,  power  and  accellerating 
performance,  the  fuel  economy  figures  of  the  rotary  engined  cars 
are  on  an  average  level,  as  shown  in  Figs.  1,2  and  3, 
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Figs.  4 and  5 indicate  that  in  comparison  with  the 
conventional  engined  cars  with  equivalent  performance  and 
competitive  retail  price,  the  rotary  engined  car  is 
potentially  attractive  as  a powerplant  in  terms  of  its 
lower  interior  noise  which  is  an  important  factor  in 
comfortable  driving  required  of  an  automobile. 


(2)  As  for  the  rotary  engine's  thermal  efficiency,  our 

'76  models  have  been  dramatically  improved  over  the  models 
in  the  past  through  modifications  to  the  configuration 
of  the  combustion  chamber  and  improvements  to  gas  sealing 
and  the  ignition  system.  The  level  of  the  improved  thermal 
efficiency  has  become  competitive  with  that  of  the  conventional 
engine  as  indicated  in  Figs,  1,  2 and  3.  We  believe  that  the 
rotary  engine  has  a potential  for  further  increase  in  its 
thermal  efficiency  by  improving  the  exhaust  emission  after- 
treatment  device  and  others. 


(3)  Toyo  Kogyo  is  carrying  out  research  and  development  work 

on  the  stratified  charge  rotary  engine  which  makes  it  possible 
to  operate  our  rotary  engine  on  a leaner  air- fuel  mixture. 

In  case  of  the  stratified  charge  rotary  engine,  therefore, 
the  lean  misfire  limit  is  expected  to  be  extended  by  nearly 
2 - 3 in  terms  of  the  A/F  ratio  as  compared  with  that  of  the 
conventional  carburetor  rotary  engine,  thus,  it  will  be 
possible  to  further  improve  its  fuel  economy  and  driveability 
and  to  further  reduce  its  NOx  emissions  through  the  use  of  the 
EGR, 


Sincerely  yours. 


Ken  i'cW^  Yamamo  t o 

Director  and  Manager 

Rotary  Engine  Development  Div,/* 


Ends. 
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Calijotnia  histilule  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  9110} 

RE:  34LPE-77-197-43 


June  29,  1977 


Mr.  Richard  G.  Johnson 
2611  West  N-12 
Palmdale,  CA  93550 

Dear  Mr.  Johnson: 

SUBJECT:  Critiques  of  JPL  Report  43-17,  "Should  We  Have  a New  Engine?" 

We  were  pleased  to  learn  of  your  interest  in  alternative  engines  as  expressed 
in  your  letter  to  Mr.  R.  A.  Mercure  of  the  U.S.  Energy  Research  and  Development 
Administration  (ERDA) . In  accordance  with  our  restructured  program  under  ERDA 
direction,  as  described  in  the, enclosure,  we  were  asked  to  respond  to  your 
letter.  In  the  follow-on  study,  as  summarized  in  the  enclosure,  we  will  ad- 
dress your  conceptual  design  as  a candidate  alternative  engine. 

In  studying  the  data  enclosed  with  your  letter  a number  of  questions  arose. 

We  are  concerned  whether  the  present  mechanical  design  will  accommodate  the 
high  RPM's  which  are  required  in  order  for  the  engine  to  be  competitive  with 
the  Otto  engine.  The  piston  seals,  piston  pin,  and  drive  appear  to  be  the 
most  critical  elements.  To  our  knowledge,  the  only  positive  displacement 
Brayton  cycle  ever  developed  was  an  auxiliary  power  unit  (APU)  manufactured 
by  the  Fairchild  Company  in  the  late  1950 's.  It  utilized  a Lysholm  positive 
displacement  compressor  with  a conventional  axial  turbine  on  the  hot  side. 

We  are  not  aware  of  a successful  -positive  displacement  hot  expander  having 
been  built,  due  to  limitations  in  materials  technology. 

We  hope  you  will  keep  us  informed  of  your  progress  toward  solution  of  these 
problems.  Your  interest  in  our  work  and  your  effort  in  reviewing  it  are 
appreciated. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections 

HEC:jms 
Enclosure  (1) 
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July  3,  1976 


Energy  Research  and  Development  Administration 
Heat  Engine  Systems  Branch 
Div.  of  Transportation  Energy  Conservation 
20  Massachusetts  Ave.,  H.  W. 

Washington,  D.  C.  20545 

Dear  Mr.  Mercure, 

This  material  is  being  submitted  in  response  to  a 
solicitation  appearing  in  the  Iiay  1976  issue  of  Automotive 
Engineering.  a1i  of  the  following  Including  enclosures  may 
be  published  as  the  Government  sees  fit. 

In  December  1975  I submitted  materia.1  concerning  an 
imnroved  Internal  combustion  engine  to  the  National  Bureau 
Of  Standards  under  the  terms  of  the  Non-nuclear  Energy 
Research  and  Development  Act  of  1974.  I have  not  received  a 
reply  from  NB3  as  of  this  v/riting.  I have  reviewed  certain 
chapters  of  the  J?L  report,  as  v/ell  as  considerable  other 
material  in  this  field  and  consider  the  JpL  report  to  be  the 
most  complete  and  accurate  work  nov;  available.  It  is  listed 
in  the  bibliography  to  the  material  previously  submitted  to 
^3D  . 


The  primary  objective  of  the  present  submission  is  to 
bring  my  engine  concept  to  the  attention  of  the  jpL  authors 
and  others  and  to  point  out  that  the  concept  agrees  v/itli  or 
Is  not  in  conflict  with  certain  portions  of  the  jPL  report, 
particularly  in  the  area  of  fundamental  considerations  of 
heat  engines. 

Enclosed  is  a copy  of  a report  which  describes  my 
concept , 


Sincerely, 

i' 


\ ■ I 


Richard  G.  'Joip^^S' 
2611  W.  N-12, 
Palmdale,  Ca.  93550 


son 


43-3 


77-40 


Critique  by 

Massachusetts  Institute  of  Technology 
Department  of  Mechanical  Engineering 
Swan  Laboratory,  Building  31 
Cambridge,  MA  02139 

and 

Response  by 

Jet  Propulsion  Laboratory 
Pasadena,  CA  91103 


44-1 


77-40 


California  Institute  of  Technology  • 4800  Oak  Grove  DrtvCj  Pasadena,  California  9110} 


RE:  34LPE-77-209-44 


June  29,  1977 


Professor  C.  Fayette  Taylor 
Massachusetts  Institute  of  Technology 
Department  of  Mechanical  Engineering 
Swan  Laboratory,  Building  31 
Cambridge,  Massachusetts  02139 

Dear  Professor  Taylor: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17 , "Should  We  Have  a New  Engine?" 

We  appreciate  the  interest  that  you  expressed  in  your  letter  regarding  the 
Stirling  engine  as  treated  in  the  subject  report.  Our  automative  studies  have 
-been  restructured,  as  summarized  in  the  enclosure,  which  also  includes  an 
explanation  of  the  plan  for  responding  to  critiques  of  the  subject  report. 

Each  of  your  points  will  be  addressed  in  our  reports  dealing  with  the  Stirling 
engine,  and  only  some  of  the  more  pivotal  issues  you  brought  out  are  commented 
on  below. 

Your  question  regarding  the  20%  difference  in  the  comparative  power  ratings 
of  the  Stirling  and  Otto  engines  for  an  equivalent  automobile  has  been  borne 
out  by  refinements  in  our  computer  simulation  program  over  the  past  two  years 
along  with  some  pertinent  engine  experience.  This  work  has  been  reported  by 
the  Ford  Motor  Company. 

Insofar  as  relative  engine  weights  are  concerned,  we  assumed  that  the  Stirling 
had  an  aluminum  block  while  the  Otto  block  remained  cast  iron.  We  doubt  that 
another  attempt  by  the  industry  to  use  aluminum  will  be  made. 

Regarding  sliding  seals , we  understand  that  seals  based  upon  the  United  Stirling 
technology  are  under  active  development.  They  may  be  used  as  backups  to 
rollsock  seals  in  the  event  of  primary  seal  failure.  Recent  experience  indi- 
cates that  the  rollsock  seal  itself  has  not  been  a primary  failure  source, 
but  that  other  pressure  loss  failure  modes  induce  secondary  failure  in  the 
rollsock  seal. 

The  Stirling  safety  question  is  under  investigation  by  the  Stanford  Research 
Institute  (see  their  Report  P.O.  373928).  The  early  conclusions  appear  to 
relegate  this  safety  issue  to  one  of  minor  concern  since  the  mass  of  hydrogen 
is  small.  The  reliability  questions  you  put  forth  are  of  serious  proportions 
and  not  satisfactorily  resolved  at  this  time. 
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The  question  of  engine  size,  as  treated  extensively  in  your  letter,  was  not 
addressed  in  our  report.  It  is  an  interesting  point  and  one  that  will  re- 
quire careful  consideration  on  our  part.  All  of  the  comments  put  forth  so 
cogently  in  your  letter  will  be  addressed  in  a Technical  Task  Summary  (TTS) . 

We  are  looking  forward  to  a continuing  interchange  of  information  with  you. 


Harry  E.  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Projections 


HEC:gpa 


Enclosure 
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MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
DEPARTMENT  OF  MECHANICAL  ENGINEERING 
CAMBRIDGE,  MASSACHUSETTS  02139 


Dcconbcr  12,  1975 

SI  j laboratory 

BUILDING  3t 


Dr.  .Nid'.olas  R.  Koore 
c/6  Jet  Propul. s ion  Laboratory 
Californai  Institute  of  Tcchnolo.'jy 
Pasadena,  California  91105  ■ 


Dear  Dr.  Moore: 

My  copy  of  the  J.P.L.  report,  "Should  Me  Have  a New  r.nfjine"  has 
arrived.  Tliank  you  very  nuch  for  arranginp,  to  have  this  sent  to  u.e. 

Perhaps  because  I once  had  the  duty  of  oporatinp  a Stirling  punping 
engine,  I have  given  first  reading  to  the  natcriai  on  t'lis  type  of 
poL’er  plant  and  have  several  questions  about  it. 

1.  Power  rating.  The  curve  of  Tor.iue  vs.  s;:ccd  is  so  sinilar  to 
that  of  an  Otto  engine  tined  to  rive  hig.h  torque  in  the  lower  speed 
range  tliat  I find  it  hard  to  justify  the  20*’.  lower  power  assignetl  to 
the  Stirling.  V.'ith  opti.nun  transni  srions  for  both  t>'}'ics , why  should 


2.  '■-.'eight.  Apparently  tlic  Stirling  is  given  an  aluninuiii  bloci.  while 
the  Otto  is  cast  iron.  Ifeve  i nisroad  this  one? 

3.  Frictino.  T have  seen  a iiunbcr  of  sw-ash-plate  engines  in  ny 
career,  and  they  have  al’l  tended  to  have  hig'n  friction  due  to  the 

very  heavy  loading  the  'lads.  I can't  find  any  reference  to,  or  allow- 

ance for,  friction  in  the  .Stirling  analysis, 

4.  Seals.  Quote  ''toilsfock  scai.s  have  ’',een  denonstrated  for  hundrO'r.s 
of  nillions  of  cycles"  - Mas  this  Ucr.e  under  torpernrures  and  pressures 
planned  for  the  Stirling? 


engine 
to  an 


Variable  Smshp^lat .•p_aji'ple_s . My  ox'.icri ence  with  this  t\pe 
hss  indicated  problons  enough  without  such  a conplication 
already  conplex  and  higliiv -stressed  ncchanisr. 


of 

added 


6. 

I’.erter 

should 

tivcly 


Sa-fc_t^',  No  ipention  is  n.adc  of  the  danger  of  ,a 
ritli  opcn-fla:-’C  }•u3•:■'.c'r  :nKl  .30'''0  p..si  hyc'ro.'on  in. 
think  these  i.'ould  be  very  b.td  co’;p.any  conparod 
cool  and  inert  i;.as.s  of  Oii  Ntto  enr'ine. 


largo  ’,/hile  -hot 
a -ci-asl;,  I 
to  tiie  co’.'ipari- 
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Hecenbor.  12,  H)75 


alvj  1 i ty.  The  liidi  ef.f icicncl es  ns.sipned  to  t]iis  type  require 
boater  elencr.ta  mdc  of  hiehly  specialized  natcrjals  wliich  are  stressed 
close  to  tlicir  ultinate  limits  at  all  loads  and  speeds.  Avoidance  of 
failure  v:ill  depend  on  extrer'o  accuracy  and  reliability  of  the  tensperature 
control  system.  The  Otto  enpinc  lias  nothing  comparable.  The  gas  turbine, 
of  cu’irsc,  lias  such  highly  stressed  parts,  hut  at  full  load  only. 

I find  no  reference  in  these  reports  to  ti'.c  question  of.  the  profound 
influence  of  unit  size  on  macliinc  perfornance  (See  Vol.  I,  Chanter  11 
o'’  ti'.c  I.C.Ii.  in  Tlioory  and  Practice).  For  example,  substituting  a 6- 
cylinder  engrne  for  a four  of  tiic  sane  power  (sane  j'iston  area)  will 
rcdvice  tl'iC  engine  v/cigiit  by  lS°j  and  substituting  an  cigiit  for  a four 
would  reduce  vccight  (and  volur'c)  by  30'..  for  the  small  c.ars,  use  of 
an  eiglit  would  make  the  .size  and  wciglit  of  engi nc  "conparabie  to  that 
of  a IVankel,  but  without  the  1,‘ankel’s  poor  fuel  economy  and  durability. 

I estimate  the  inprovement  in  fuel  econoi'iy  In'  substituting  an  S for  a 
4 in  a typical  subconpact  v.'ould  improve  the  fuel  mileage  by  12T,  on  account 
of  tlie  reduced  inertia  wciglit  and  co'rrespoudingly  snail  or  power  (piston 
area)  required.  V.iule  it  night  be  objected  that  this  would  be  a costly 
change,  I would  cstiriate  tiic  cost  as  one  or  more  orders  of  magnitude  less 
than  cl.anging  to  a new  ty^-ic  O'C  power  plant. 

It  was  a pleasure  meeting  you  and  youi'  associates  at  the  n.O.T.  conference. 

kith  kind  regards . 


CFT:jt 


-Sincerely 


C.  Fayette  Taylor  / 


OEIGINAE 
OF  POOR  QUAUra 


77-40 


Critique  by 

Volkswagenwerk  AG 
3180  Wolfsburg 
Postfach,  West  Germany 

and 

Response  by 


Jet  Propulsion  Laboratory 
Pasadena,  CA  91 103 


77-40 


JET  PROPULSION  LABORATORY  Caltfoima  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  Calif omta  91108 

RE:  34LPE-77-199-45 


June  29,  1977 


Messrs.  W.  H.  Hucho  and  P.  Walzer 

Volkswagenwerk  AG 

3180  Wolfsburg 

Postfach 

West  Germany 

Dear  Messrs.  Hucho  and  Walzer: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

We  appreciate  your  review  and  your  comments  on  the  subject  report.  Your 
observation  regarding  the  European  trend  toward  cars  having  lightweight 
Otto  engines  will  be' introduced  into  our  follow-on  work  in  which  we  are 
making  comparisons  against  gas  turbine  cars.  This  work  is  being  done  in 
a restructured  program  summarized  in  the  attachment. 

Your  assumption  on  operating  the  auxiliaries  through  continuously  variable 
transmissions  is  a reasonable  one  it  seems  to  us,  and  certainly  has  the 
effect  of  offsetting  to  some  extent  the  advantage  of  the  2-shaft  gas  turbine 
over  the  Otto  engine.  We  will  also  incorporate  in  our  work  on  the  horse- 
power sizing  for  alternate  engines  your  suggestions  regarding  the  ten  second 
distance  covered  criterion. 

We  agree  that  scaling  the  Brayton  engines  to  smaller  sizes  definitely  presents 
technological  problems  associated  with  the  relatively  larger  effects  of 
leakages  and  manufacturing  tolerances . These  and  related  "issues  brought  out 
in  other  critiques  will  be  examined  in  appropriate  Technical  Task  Summaries 
as  mentioned  in  the  enclosure. 

We  are  pleased  with  the  interest  you  have  shown  in  the  study  and  want  to 
thank  you  for  your  valuable  comments.  We  would  welcome  a continued  inter- 
change of  information  on  automotive  propulsion. 


H.  E.  Cotrlll,  Project  Manager 
Automotive  Technology  Status 
and  Projections 
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Dear  Mr,  Uunz: 


According  to  your  statement  at  the  last  ERDA  meeting  in  Ann  Arbor, 
May  4t6»  1976,  you  want  to  collect  critiques  to  your  APSES  report. 
In  general  we  would  like  to  compliment  you  for  a very  comprehensive 
and  basic  study.  It  is  certainly  a meaningful  approach  to  compare 
alternative  power' systems  under  equivalent  performance  requirements 
as  you  have  done. 


Vfe  refer  to  the  predictions  given  for  the  PT-gas  turbine  cars  relative 
to  the  Otto  engine  cars.  Although  it  is  not  easy  to  isolate  instances 
where  a complete  disagreement  exists,  we  want  to  express  our  concern 
about  the  following  points; 


1 • Car  weight; 

In  your  study  Otto  engine  and  ET-gas  turbine  cars  have  different 
weights.  This  results  to  a large  extent  from  differences  in  the 
engine  weights.  Perhaps  it  would  be  more  reasonable  when  studying 
the  next  10  years  to  assume  that  the  cars  of  your  study  can  be 
powered  by  lightweight  4,  5,  or  6 cylinder  Otto  engines  instead 
of  the  present  heavy  6 or  8 cylinder  engines.  This  is  already 
done  today  in  Europe  without  sacrificing  oar  performance.  In 
doing  so  less  weight  advantage  for  the  gas  turbine  .car  results 
than  predicted  in  your  study. 


Vofsiirondor 
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2.  Engine  power: 

Eor  future  Otto  engine  cars  one  can  assume  that  the  auxiliaries 
will  he  driven  via  oontinously  variable  transmissions  so  that 
the  power  advantage  from  the  smaller  speed  ratio  of  the  PT-gas 
turbine  is  greatly  offset.  In  addition  if  the  gas  turbine  car 
has  to  cover  the  same  10  sec  distance  as  the  Otto  engine  car, 
the  torque  advantage  of  the  ET-gas  turbine  is  greatly  offset  by 
the  initial  response  delay.  From  both  results  that  equivalent 
car  weights  will  need  about  the  same  engine  powers  with  gas 
turbines  and  with  Otto  engines. 

5 • Fuel  economy; 

Getting  good  component  efficiencies  will  be  more  difficult  with 
smaller  engine  sizes  and  with  larger  tolerances  which  one  has  to 
visualize  in  a mass  production.  In  this  light  we  are  concerned  that 
some  of  your  efficiency  and  loss  assumptions  cannot  be  obtained  with 
the  small  engines  considered.  Such  assumptions  are  the  turbine 
efficiencies,  the  leackages  of  heat  exchanger  and  labyrinths,  the 
heat  exchanger  part  load  efficiency,  and  the  heat  losses  through 
the  engine  housing  and  in  the  oil.  Ve  do  not  know  how  you  have 
taken  into  account  the  auxiliaries,  which  become  relatively  more 
important  with  smaller  engine  sizes.  Considering  this,  your  pre- 
dictions for  the  fuel  economy  especially  in  Urban  driving  cycles 
seem  to  be  .too  optimistic. 

In  closing  we  want  once  more  to  express  our  appreciation  for  your 
report.  ¥e  hope  that  by  mentioning  these  points  of  concern  we  could 
be  of  some  help  for  further  refinement. 

Sincerely  yours 

i.V.  i.A. 

V.-H.  Hucho  P.  Valzer 
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JET  PROPULSION  LABORATORY  Cahfoinia  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 

RE:  34LPE-77-194-46 


June  29,  1977 


Mr.  Daniel  J.  W.  McCarthy 
Vice  President,  Administration 
Hydragon  Corporation 
1326  S.. Killian  Drive 
Lake  Park,  FL  33403 

Dear  Mr.  McCarthy: 

SUBJECT:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R.  A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  requested  that  we  respond  to  your  letter  in  accordance  with  the 
restructured  JPL  program  described  in  the  enclosure.  At  the  time  our  study 
was  in  progress,  we  were  unfortunately  not  aware  of  your  research  program 
of  the  Integrated  Brayton-Rankine  (IBR)  engine.  We  appreciate  the  goals 
of  your  research, program,  and  hope  we  may  keep  abreast  of  your  progress  to 
the  maximum  extent  proprietary  considerations  permit.  The  applicability  of 
the  concept  to  automotive  use  is  a primary  interest,  but  we  view  the  2500  F 
uncooled  ceramic  turbine  as  a late  1980 ’s  development  corresponding' to 
"advanced"  technology,  as  the  term  is  used  in  the  subject  report. 

Assessment  of  the  Brayton-Rankine  concept  will  be  included  in  the  follow-on 
.program  on  alternative  engine  evaluation  which  is  summarized  as  to  content  and 
schedule  in  the  enclosure.  We  were  pleased  to  receive  your  excellent  paper 
on  the  IBE,  and  look  forward  to  further  discussions  of  its  automotive 
applications. 


. HSfry  E,  Cotrill,  Project  Manager 
Automotive  Technology  Status  and 
Proj ections 

HEC:jms 

Enclosure 
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May  28,  1976 


US  Energy  Research  § Development  Administration 
Heat  Engine  Systems  Branch 

Division  o£  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.  W. 

Washington,  D.  C.  20545 

ATTN;  Mr.  R.  Me r cure 

Dear  Sir: 

This  is  in  response  to  your  published  request  for  input  from  industry 
and  others  to  comment  upon  and  update  the  *'JPL  Report*'  CSHOULD  WE  HAVE 
ANEW  ENGINE,  Jet  Propulsion  Laboratory,  August  1975). 

Hydragon  Corporation  has  had  an  ongoing  research  program  in  small 
combined  cycle  technology  in  progress  for  the  past  five  years  which, 
until  the  present  time,  has  not  been  publicized  due  to  proprietary  and 
patent  considerations.  The  Company  feels  that  its  program  may  lead  to 
a viable  candidate  for  future  automotive  power,  but  was  presumably  not 
known  to  JPL  investigators  at  the  time  of  data  compilation. 

Therefore,  in  support  of  updating  the  JPL  Report,  enclosure  (1),  THE 
INTEGRATED  BRAYTON-RANKINE  ENGINE,  is  submitted  as  being  of  possible 
interest.  .Authorization  to  publish  enclosure  (1)  is  hereby  granted, 
as  requested. 


Yours  sincerely 


Daniel  J.  W.  McCarthy 

Vice  President  - Administration 


Enc;  Cl)  THE  INTEGRATED  BRAYTON-RANKINE  ENGINE 
Copy  No.  3 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-191-47 

June  29,  1977 


Mr.  W.E.  Adams,  Director 
Automotive  Research  and  Application 
Ethyl  Corporation 
1600  W.  Eight  Miles  Road 
Ferndale,  MI  48220 

Dear  Mr.  Adams: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R-  A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  requested  that  we  reply  to  your  letter  in  accordance  with  our 
restructured  program  as  described  in  the  enclosure.  Regarding  your  lean 
burn  work,  your  success  in  improving  the  fuel  economy  while  reducing  unde- 
sirable emissions  and  maintaining  driveability  and  durability,  demonstrates 
the  potential  value  of  this  approach.  We  were  aware  of  your  work  on  lean 
burn  systems  and  are  familiar  with  the  papers  quoted  in  your  letter.  For 
the  past  four  years  JPL  has  performed  research  in  lean-burn  systems  using 
gasoline-only  and  hydrogen  supplemented  gasoline  fuel  systems.  Certain 
combinations  of  emission  and  fuel  constraints  could  make  lean-burn  systems 
very  attractive.  The  key  issue  is  the  NO^  standard,  since  0.4  g/mi  is  not 
possible  today  with  simple  gasoline-only  systems. 

The  several  points  that  you  brought  up  in  your  letter  will  be  addressed  in 
an  appropriate  Technical  Task  Summary.  The  enclosure  summarizes  the  general 
content  and  schedule  of  our  ERDA  work.  Your  interest  in  the  questions  raised 
in  the  subject  report  is  greatly  appreciated.  Work, such  as  yours  should  help 
to  make  the  ICE  a long-term  "alternate".  We  are  looking  forward  to  a continued 
interchange  of  information  and  ideas  and  thank  you  for  your  valuable  comments. 


H.E.  Cotrill,  Project  Manager 
Automotive  Technology  -Status 
and  Projections 

HEC:gpa 

Enclosure 
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May  27,  1976 


U.  S.  Energy  Research  and  Development  Administration 
Heat  Engine  Systems  Branch 

Division  of  Transportation  Energy  Conservation 
20  Massachusetts  Avenue,  N.  W. 

Washington,  D.  C.  20545 

Attn:  R.  Mercure 

We  have  noted  that  the  U.S,  Energy  Research  and  Development  Administration 
is  soliciting  information  in  order  to  update,  expand,  and  correct  the  report, 

"Should  We  Have  a New  Engine?  " We  would  like  to  bring  to  your  attention  the 
work  we  have  been  doing  lately  on  a lean  burn  emission  control  system.  To 
help  describe  the  system  and  its  operation,  two  technical  papers  are  enclosed. 

Our  lean  burn  work  began  over  ten  years  ago.  This  effort  has  involved  the  de- 
velopment of  new  carburetors,  intake  manifolds  and  various  emission  control 
devices  but,  in  its  present  state,  consists  of  relatively  simple  modifications  of 
the  conventional  engine.  The  Turbulent  Flow  System  includes  a standard 
carburetor  that  is  adjusted  to  furnish  lean  mixtures,  the  Turbulent  Flow  Mani- 
fold, and  modified  ignition  timing  for  improved  fuel  economy  and  driveability. 
Exhaust  gas  recirculation  may  or  may  not  be  used,  depending  on  the  type  of  car 
and  emission  levels  desired.  For  very  low  levels  of  hydrocarbons  and  carbon 
monoxide  emissions,  exhaust  port  liners  and  thermal  reactors  can  also  be  added. 

The  paper,  "Emissions,  Fuel  Economy,  and  Durability  of  Lean  Burn  Systems" 
describes  the  general  system  as  applied  to  all  size  cars  with  emphasis  on  meeting 
present  U.S.  emission  standards.  The  paper,  "Emissions  and  Fuel  Economy 
of  the  Turbulent  Flow  System  for  European  4-Cylinder  Engines"  describes  work 
primarily  performed  on  the  smaller,  European-type  engines.  Both  papers  were 
delivered  before  the  Society  of  Automotive  Engineers  this  year. 

The  advantages  of  this  system  are  its  simplicity  and  its  compatibility  with  gaso- 
line containing  tetraethyllead.  Because  of  this,  higher  compression  ratios 
and/or  greater  amounts  of  spark  advance  may  be  used  to  take  advantage  of  the 
higher  octane  number  quality  of  leaded  gasolines.  This  results  in  better  fuel 
e^:onomy  and  more  miles  per  barrel  of  crude  oil  than  can  be  obtained  using  systems 
requiring  nonleaded  gasoline. 
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The  system  has  been  applied  to  28  different  cars  of  various  sizes  and  makes. 

It  has  been  possible  to  adjust  emission  levels  to  those  desired  for  any  particular 
location,  including  those  of  the  European  Economic  Community  and  the  very 
stringent  standards  of  the  state  of  California.  Fuel  economy  of  all  vehicles  has 
been  excellent. 


Of  high  importance  has  been  the  good  durability  of  the  system  and  the  consistent 
control  of  emissions  over  long  mileage.  This  is  shown  by  the  data  obtained 
during  a 50,000-mile  durability  test  of  a car  equipped  with  the  Turbulent  Flow 
System  plus  exhaust  port  liners  and  thermal  reactors  which  resulted  in  emissions 
well  below  the  level  of  the  1976  standards  for  California.  This  test  is  reported 
in  the  paper,  "Emissions,  Fuel  Economy  and  Durability  of  Lean  Burn  Systems.  " 
The  test  has  continued  and  the  emissions  have  remained  remarkably  consistent 
for  over  85,  000  miles.  The  car  is  continuing  to  accumulate  mileage. 

I hope  you  will  find  these  technical  papers  of  interest.  If  you  have  any  questions 
or  comments  after  reviewing  this  material,  please  contact  us. 


Sincerely, 


W.  E.  Adams,  Director 
Automotive  Research  and  Application 
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Response  by 


Jet  Propulsion  Laboratory 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE-77-195-48 


June  29,  1977 


Mr.  A.  C.  Sampietro 
Consulting  Engineer 
P.O.  Box  2482 
Delray  Beach,  FL  33444 

Dear  Mr.  Sampietro; 

SUBJECT;  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?"- 

'Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  forwarded  your  letter  to  us  for  reply  as  explained  in  the  attachment. 
During  preparation  of  the  subject  report  we  were  not  aware  of  your  interesting 
work  regarding  modifying  the  standard  compression  Ignition  engine  in  order  to 
improve  efficiency  while  reducing  exhaust  pollutants.  We  would  like  to  consider 
your  ideas  in  follow-on  evaluations  of  alternative  engines  that  we  are  con- 
ducting for  ERDA  as  summarized  in  the  enclosure.  We  would  appreciate  receiv- 
ing from  you  as  much  non-proprietary  detail  on  the  engine  modification  as 
possible. 

We  appreciate  the  interest  in  the  subject  report  and  your  desire  to  contribute 
a solution  to  the  problems  of  automotive  engine  performance,  economy,  and 
emissions . 


Sincer 


Harry  E.  Cotrlll,  Project  Manager 
Automotive  Technology  Status  and 
Proj actions 


HEC;gpa 
Enclosure  (1) 
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A.  C.  SAMPIETRO 

Consulting  Engineer 
To  the 

U,S. Energy  Research  and  Development  Administration, 
Heat  Engine  Systems  Branch, 

Division  of  Transportation 
Energy  Conservation 
20  Massachusetts  Ave,,N,W 

Washington  D.C,  20  545  attn.  Mr.  R.  Mercure. 


Ge  nt  leme  ri , 

With  reference  to  your  note  at  page  60  of  the  May  1976  issue 
of  Automotive  Engineering,  you  may  be  interested  in  the  following  infer 
mation,  as  it  may  help  you  evaluate  future  possibilities. 

Before  retiring  at  65,  I was  runaing  power  train  research  at 
PordjS,  and  a few  months  prior  to  leaving  my  position  I had  the  germ  of 
an  idea  on  how  to  civilize  the  compression  ignition  engine,  by  smoothing 
it  out,  doing  away  with  the  Diesel  knock,  controlling  and  possibly  preven 
ting  the  formation  of  the  NOx.  Pressure  of  day-to-day  work,  we  were 
developping  the  catalytic  convertor,  and  the  unfurtunate  fact  that  I had 
to  have  eyes  surgery  prevented  me  from  doing  anything  about  this  project 
at  the  time.  After  retirement,  and  frr  from  daily  w.orries,  I worked  out 
the  project  in  some  details,  suggesting  how  to  modify  the  Ford  460  c.ins. 
engine,  so  that  when  fitted  into  the  Lincoln,  the  fuel  consumption  would 
be  of  the  order  of  22MPG.,  with  practically  no  exhausteeraissions , and  a 
performace  as  good  as  it  was  in  1968,  except  for  top  speed  that  would  be 
decreased  to  90-100  MPH.  Most  of  this  is  described  in  patent  applica 
tion  43  179/73  Cint.  conv.  ) If  you  are  interested  you  could  ask  the  -Ford 
Motor  CO.,  for  copy  of  this  specification.  I have  the  original,  but  as 
1 promised  to  assign  it  to  Ford,  I feel  it  would  be  more  courteous  for 
you  to  ask  the  Company, 

Working  on  this  project,  I started  to  consider  what 
happens  to  the  working  fluid  in  a heat  engine,  what  limits  the  efficien 
cy,  and  what  causes  pollution,  and  I came  up  with  a second,  different 
and  more  radical,  and  applicable  to  many  forms  of  heat  engines.  Finally 
after  years  of  work  I can  suggest  how  to  design  engines  that  will; 

* Give  much  higher  efficiencies  than  current. My  calculations  show  that 
efficiencies  of  the  order  of  5 07o  are  feasible,  and  as  high  as  5 8%  in 
turbo  charged  compression  ignition  engines.  This  represent  a conside 
rable  potential,  and  would  help  solve  our  oil  problems, 

* Control  the  NOx  and  other  pollutant  to  whatever  level  is  desired, 

* The  modified  engines  can  be  built  on  existing  facilities, 

* The  engines  will  be  no  heavier,  and  more  compact  than  current  prectice. 


P.  O.  BOX  2484 
' DELRAY  BEACH,  FLORIDA 
33444 

May  20,  1976. 
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modifications  are  specially  attractive  when  applied  to  large 
power  units,  including  gas  turbines  because  of  the  considerable  fuel 
saving  afforded, 

* As  far  as  I know  these  modifications  are  the  only  method  that  -will 

permit  large  cars  to  be  built  when  the  stringent  fuel  consumption  limits 
of  the  80s  come  in  force,  and  the  production  of  large  cars  may  be  neces 
sary  to  the  economical  well  being  of  our  Nation, 

Some  of  my  friends  arranged  for  a separate  consulting  group 
to  analyse  the  key-sub  system, and  as  the  report  was  favourable  they 
are  arranging  to  have  the  sub-system  built. 

I have  applied  for  patent  protection  under  the  internati 
onal  convention,  and  you  are  welcome  to  a copy  of  the  specification  if 
you  are  interested:  later  I would  be  happy  to  give  you  copy  of  various 
reports  on  the  subject. 

Very  truly  yours 
A,C, Sampietro 
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Erwin  Automotive  Plant 
Advanced  Engine  Components  Department 
Corning  Glass  Works 
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JET  PROPULSION  LABORATORY 


California  Institute  of  Technology  • 4800  Oak  Grove  Drive,  Pasadena,  California  91103 


RE:  34LPE- 7 7-200-49 

June  29,  1977 

ORIGINAB  PAGE 
OF  POOR  QUALITY 

Mr.  John  G,  Lanning,  Manager 
Advanced  Engine  Components  Department 
Erwin  Automotive  Plant 
Corning  Glass  Works 
Corning,  N.Y.  14830 

Dear  Mr.  Lanning: 

Subject:  Critiques  of  JPL  Report  SP43-17,  "Should  We  Have  a New  Engine?" 

Mr.  R.A.  Mercure  of  the  U.S.  Energy  Research  and  Development  Administration 
(ERDA)  forwarded  your  letter  on  Coming's  CERCOR  ceramic  regenerator  core 
prices  to  us  for  response.  This  is  in  accord  with  our  work  statement  and 
follow-on  program  as  described  in  the  attachment. 

The  point  that  we  intended  to  make  in  the  subject  report  was  that  for  a 
variety  of  reasons,  the  unit  cost  of  equipping  a fleet  of  long-haul  trucks 
with  turbines  was  about  double  the  original  estimate.  Furthermore,  the 
warranty  problems  were  severe  enough  to  ^tise  the  Ford  Motor  Company  to 
replace  the  turbines  with  diesel  engines.  This  example  was  used  to 
illustrate  a likely  consequence  of  inadequate  assessment  of  the  readiness 
of  new  technology.  Clearly,  a realistic  evaluation  is  essential, 
along  with  a well  planned  long-term  development  program  that  inclules 
contingency  planning. 

We  regret  that  our  brief  reference  to  the  cost-rise  situation  may  allow 
the  reader  to  infer  that  Corning  was  responsible  for  the  cost  increase  of 
the  ceramic  regenerator  cores'.  To  put  us  in  a position  to  take  .'appropriate 
corrective  action,  Mr.  R.  Heft  of  this  Laboratory  is  planning  to  resolve 
this  cost  question  directly  with  Corning.  At  the  appropriate  point  in  our 
recently  initiated  work  for  ERDA,  we  plan  to  clarify  gas  turbine  costs  in 
a Technical  Task  Summary,  and  we  hope  to  include  substantive  information 
from  Corning  and  other  sources.  Our  current  work  for  ERDA,  in^cluding  the 
generation  of  Technical  Task  Summaries,  is  summarized  in  the  r ■'closure. 
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June  29,  1977 


We  appreciate  the  interest  you  have  shoim  in  the  subject  study,  and  we 
are  looking  forward  to  a continuing  interchange  of  information  relating 
to  automotive  technology. 


H.E.  Cotrill,  Project  Manager 
Automotive  Technology  Status 
and  Projections 


,HEC:cr 

Enclosure 
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CORNING 


Ceramic  Products  Division 
Automotive  Products  Dept. 
Corning  Glass  Works 
Corning.  Ne\w  York  14830 
Tel  607-974-9000 


July  23,  1976 


Mr.  R.  Mercure 

U.  S.  Energy  Research  & Dev.  Adra. 

Heat  Engine  Systems  Branch 

Div.  of  Transportation  Energy  Conservation 

20  Massachusetts  Avenue,  N.W. 

Washington,  D.C.  20545 

Dear  Mr.  Mercure: 

I am  writing  with  regard  to  the  JPL  report  "Should  We  Have  A New  Engine" 
Volume  II  Technical  Reports. 

Page  15-8  Section  15.4  states:  "Major  cost  items  that  were  vended  included 

the  two  large  ceramic  rotating  regenerator  discs  that  Corning  Glass  quoted 
for  low  volume  production  at  $700-$800  apiece..."  - and  - "During  the  pro- 
duction" run,  there  were  significant  problems  in  the  yield  of  the  regener- 
ator discs,  and  as  a result  Corning  raised  the  price  from  $700  to  $1400.". 

I dsytime  this  information  came  from  Ford.  It  certainly  did  not  come  from 
Cornrng,  and  to  my  knowledge  there  was  no  contact  between  JPL  and  Corning. 

CERCORo  ceramic  regenerator  core  prices  quoted  by  Corning  to  Ford  or  other 
customer  are  predicated  on  volume,  delivery  time  span  and  initial  delivery 
date  requirements.  The  actual  prices  paid  for  Corning  cores  by  Ford  during 
1971-1973  reflect  changes  made  by  Ford  in  specifications  and  reductions  in 
volume  requirements  versus  delivery  time  spans. 

The  documents  covering  pricing  are  available  for  discussion  with  JPL  per- 
sonnel should  they  desire  to  pursue  the  question. 

I do  feel  that  Corning  was  unjustly  cast  in  an  unfavorable  light  on  Page 
15-8.  I would  like  to  have  this  corrected  based  on  the  facts. 

Thank  you  for  your  interest. 


)hn  6.  banning,  rwnager 
\dvanced  Engine  Cyomponents  Dept. 
Erwin  Automotive 'Plant 


jV; 


NASA-JPL-Coml . LA.,  Calll 
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